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THE VOYAGER ENTRY CAPSULE

by

Gerald A. Cohen

Richard M. Foster

Everett M. Schafer

PHILCO-FORD CORPORATION, NEWPORT BEACH, CALIFORNIA

ABSTRACT

Entry trajectories were computed for I0 ft base diameter blunt cone and

tension shell capsules with ballistic coefficients of approximately 0.2

slug/ft 2. In order to simulate the most severe conditions expected, entry

was assumed to follow an attitude control failure resulting in uncontrolled

tumbling at an initial rate of 0. i rad/sec. From two sets of entry condi-

tions and four model atmospheres, two critical trajectories are presented

for each capsule. One provides critical tlme-integrated heating loads;

the other, critical pressure loads and heating rates.

From the results of the trajectory study, critical aerodynamic pressure

distributions were analytically determined for each capsule configuration.

Using the critical pressure distributions obtained in the flow field anal-

ysis, the elastic stress response and stability of the conical sandwich

shell and skln-stlffened tension shell capsules were analyzed. Both 15

and 19 ft base diameters were considered for capsules with ballistic co-

efficients of approximately 0.2 slug/ft 2. Structural design chan_es were

made until acceptable (but not necessarily optimum) designs were achieved

for both types of capsules. For the final designs, fundamental natural

frequencies and vibration mode shapes were determined.
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PREFACE

This report presents comparative studies of 120 degree blunt cone and

blunt tension shell capsule configurations for orbit mode entry into a

Martian atmosphere. Trajectory, aerodynamic, and structural analyses

were performed sequentially, the results of the first two studies being

used as inputs to the succeeding one. Results of each study are pre-

sented in three major sections of the report. A separate analysis of

convective and radiative heat transfer, the effect of which on the

structure was not considered, is presented in the Appendix.

The study was performed by the Aeronutronic and Space and Re-Entry Systems

Divisions of Philco-Ford Corporation. The work was administered under the

direction of the Langley Research Center. Mr. L. D. Guy was project

engineer for LRC and along with Dr. M. S. Anderson and Mr. P. Bobbitt of

LRC, provided technical direction. Mr. J. R. Dowty of the Space and

Re-Entry Systems Division provided design support for the structural

analysis.
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SUMMARY

Entry trajectories were computed for i0 ft base diameter blunt cone and

tension shell capsules with ballistic coefficients of approximately

0.2 slug/ft 2. In order to simulate the most severe conditions expected,

entry was assumed to follow an attitude control failure resulting in un-

controlled tumbling at an initial rate of 0.i rad/sec. From two sets of

entry conditions and four model atmospheres, two critical trajectories

are presented for each capsule. One provides critical time-integrated

heating loads; the other, critical pressure loads and heating rates.

It was found that angles-of-attack of 9 to 21 deg at peak dynamic pres-

sures up to 150 ib/ft 2 are typical critical pressure load conditions

encountered following uncontrolled tumbling entry.

Using the results of the trajectory study, critical aerodynamic pressure

distributions were analytically determined for each capsule configuration.

Because of the significant angles-of-attack existing at peak dynamic pres-

sure conditions, angle-of-attack analyses were required to determine the

pressure distribution for both the cone and tension shell configurations.

It was found that real gas effects are important for Martian orbit entries,

and must be included in the flow field calculations to obtain accurate

pressure distribution_ Extensive regions of nonequilibrium chemistry

were found to exist in the shock layer,

Using the critical pressure distributions obtained in the flow field analy-

sis, the elastic stress response and stability of the conical sandwich shell

and skin-stiffened tension shell capsules were analyzed. Both 15 and 19 ft

base diameters were considered for capsules with ballistic coefficients of

approximately 0.2 slug/ft 2. Structural design changes were made until

acceptable (but not necessarily optimum) designs were achieved for both



types of capsules. For the final designs, fundamental natural frequencies
and vibration mode shapes were determined. The final designs exhibit a
structural weight saving for the tension shell capsules of 83 ibs and
151 ibs over the blunt cone capsules for the 15 ft and 19 ft base diameters,
respectively. On the other hand, the natural frequencies of the tension
shell capsules are somewhatlower than those of the blunt cone capsules.
The lowest frequency obtained is approximately i0 cps for the 19 ft tension
shell capsule.
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INTRODUCTION

Several types of lightweight entry capsules are being considered by NASA

for application in the Voyager mission. As indicated in Reference I, the

tenuous Martian atmosphere requires low ballistic coefficient entry cap-

sules. As the ballistic coefficient decreases, the structural weight

becomes a significant fraction of the total entry weight, particularly

for buckling limited capsule shells. In order to minimize structural

weight while achieving an adequate design, careful and realistic

structural analysis is necessary. At the same time, in order to achieve

the highest possible entry weight it is desirable to employ high drag

capsule shapes. For this reason, blunt shapes are leading candidates for
Mars missions.

In an attempt to minimize shell compressive stress and hence alleviate

the buckling problem, membrane theory has been used in Reference 2 to

derive the so-called tension shell shapes. Ideally, these shapes respond

to a given pressure loading with tensile stress only. However, in the

present study tension shell instability produced by off-design pressure

and inertial loading is considered.

The objective of the present study is to obtain preliminary designs for

both blunt cone and tension shell capsules for Martian entry. This was

accomplished through sequential trajectory, aerodynamic, and structural

analyses. The results of the trajectory analysis served as inputs to the

aerodynamic analysis, and results of the aerodynamic analysis (pressure

distributions) served as inputs to the structural analysis. Coupling of

aerodynamic and elastic effects (flutter) was not considered (Reference 3).

Although heat loads were determined in the aerodynamic analysis, and present-

ed in Appendix D, heat shield design was not an objective of this study.
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SYMBOLS

aerodynamic reference area, -_d 2

Axial force
axial-force coefficient,

qA

aerodynamic moment reference point in Appendix AI otherwise,

center of mass.

Pitching Moment
damping in pitch derivative,

(_d /2V)

Pitching Moment
pitching moment coefficient, qAd

Normal Force
normal force coefficient,

qA

molecular dissociation energy

aerodynamic reference length, 2R B

enthalpy

geometric altitude

radiative intensity
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X

1

M

m

MFP

N

P

Po

Pl

q

qd

q

R

R B

N

r

S

S

T

t

V

roll moment of inertia.

pitch moment of inertia

distance along streamline from shock

Mach number

vehicle mass

local mean free path

circumferential wave number of buckling or vibration mode

absolute pressure

pressure distribution on windward meridian

pressure distribution on leeward meridian

heat transfer rate

free-steamdynamic pressure

pitch rate

small circle radius

vehicle base radius

Reynolds number, based on d

vehicle noseradius

tube radius

surface distance from stagnation point

meridional arc distance measured from apex of nose

temperature or. prebuckling stress resultant

wall thickness

velocity
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X

x

e

¥

YE

6

6
s

9
c

P

X

_o

vehicle gross weight

mole fraction

distance along vehicle axis from stagnation point

angle-of-attack

angle-of-attack envelope value

specifi_ heat ratio or species concentration

entry angle

relaxation distance

shock detachment distance

cone half angle

critical value of load factor for a given Value of N

dens ity

circumferential angle measured from windward meridian

prebuckling rotation

nonequilibrium transformation parameter

natural frequency

Subscripts:

BL

c

E

e

i

He

boundary layer quantity

convective

entry condition

equilibrium

refers to individual species

non-equilibrium
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radiative
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SECTION1

DESIGNTRAJECTORIES

Digital computer entry trajectories were computedto define design condi-
tions for aerodynamic and structural analyses. Twovehicles were con-
sidered in two entry trajectories into four postulated Mars atmospheres.
Four trajectories which bracket critical design conditions were obtained
representing entries following a presumedattitude control failure,
resulting in uncontrolled tumbling at 0.i radians per second. Histories
of velocity, altitude, and total angles-of-attack in these trajectories
are the end product of the analyses described below. A summaryof condi-
tions at peak dynamic pressure is found in Table II.

Presentation of trajectory results is preceded by discussion of atmospheres,
entry conditions, the vehicles considered, and supporting details of the
computer simulation employed. Aerodynamic input data are summarized
separately in an appendix, as are analyses of tumbling arrest and spinning
entries.

i. 1 ATMOSPHERES

Density profiles for four Martian atmospheres are shown in Figure i. These
four involve two postulated surface pressures and either predominantly
nitrogen or carbon dioxide composition, hence two stratospheric density
scale heights. Becausecritical heating and airloads conditions for entry
vehicles occur above the tropopause, detailed trajectory computations in
all four atmospheresare not required. Design conditions in each of these
atmospheres occur sufficiently far above the tropopause that peak heating
and airloads are dependent upon stratospheric density scale height but
independent of surface pressure. Since VM-7 and VM-8 bound the range of

scale heights available, they were selected for trajectory computations.
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SURFACE STRATO SPHERIC

A_OSPHERE PRESSURE COMPOSITION SCALE HEIGHT

VM-3 I0 millibars 80% N 2, 20% C02 46,500 ft

VM-4 I0 millibars 68% C02, 32% N 2 17,000 ft

VM-7 5 millibars 80% N2, 20% C02 46,500 ft

VM-8 5 millibars 100% C02 16,480

i. 2 ENTRY CONDITIONS AND VEHICLE MASS PROPERTIES

Two entry conditions were considered, each at 800,000 ft altitude:

FLIGHT PATH ANGLE VELOCITY CONDITION

-20 ° 15,000 ft/sec "steep-fast"

-13 ° 15,000 ft/sec "shallow-fast"

Steep-fast entry conditions were paired with the VM-8 carbon dioxide

atmosphere and its more abrupt density build-up to simulate peak airloads

trajectories. Shallow-fast conditions were paired with the VM-7, large

scale height atmosphere for peak heating trajectories.

Mass properties of the vehicle simulated in the digital computer trajec-

tories are summarized in Table I. Although the capsule designs obtained

in Section 3 (see Figures i0 and 31) are of a different size, they are

sufficiently similar to justify the trajectory results. No attempt was

made to update the trajectory analysis as a result of vehicle modification

made during the structural studies

1.3 COMPUTER SIMULATION

Trajectories were computed using Philco-Ford digital computer program

FD45F which solves the equations of motion in six degrees of freedom for

an axisymmetric rigid vehicle over a rotating oblate spheroid.

Mars is simulated as a sphere of ii.I x 106 ft radius with acceleration

due to gravity of 12.3 ft/sec 2 at its surface. To conform with computer

input requirements, atmospheres VM-7 and VM-8 were input as tables of

pressure and temperature versus altitude. The density profiles shown on

Figure i were obtained from output of FD45F's atmospheric subroutine.

Since capsule entry direction with respect to planet rotation was not

specified, non-rotating conditions were simulated. These result in slightly

conservative design if, as is probable, capsule entry will be from an orbit

with the same direction of rotation as the planet.



i0

Aerodynamic coefficients shownin Appendix A were input as tabulated
functions of Machnumberand angle-of-attack. Linear interpolation is
used between tabulated points. Angle-of-attack data points were input
every five degrees from 0° to 70° , every ten degrees from 70° to 140° ,
with a final point at 180° . Since design conditions are attained at air-
speeds of the order of 9500 ft/sec, hypersonic data constitute the essen-
tial aerodynamic characterization defining vehicle design conditions.
Since a relatively flat base region is anticipated for these capsules, the
high angle-of-attack aerodynamic characteristics used in this study assume
the base is covered by a flat disc.

1.4 TRAJECTORYRESULTS

Histories of velocity, time and total angle-of-attack versus altitude are
shownin parts a, b, and c, respectively, of Figures 2 through 5.

The density of plotted data symbols on Figures 2 through 5 is proportional
to the numberof integration intervals. A symbol is shownfor every other
integration step. No attempt is madeto fair curves through each angle-
of-attack oscillation. Envelope values are of primary concern. Figure 6
is presented to show pitch oscillation period in shallow-fast entry
trajectories.

Conditions at peak dynamic pressure in each of the four trajectories are
summarizedin Table II. All start at 800,000 ft with 15,000 ft/sec
initial velocity, tumbling at 0.I radians/sec in the plane of the tra-
jectory. Each run begins with the vehicle in an arbitrarily selected
+90° angle-of-attack orientation. Becauseof this, tumbling arrest con-
ditions in each trajectory are not necessarily equivalent, as discussed
separately in Appendix B. Tumbling arrest conditions affect significantly
the size of subsequent oscillations, hence the magnitude of angle-of-attack
oscillations at design conditions. However, since these trajectories repre-
sent entries in a presumed failure mode (attitude control malfunction), the
effort necessary to provide sufficient definition of tumbling arrest
characteristics in all four trajectories to permit one to obtain proba-
ballistically equivalent tumbling trajectories for each was deemed
unwarranted.

An initial attempt was madeto assign probabalistically equivalent angular
initial conditions. Results of that incomplete analysis are presented in
Appendix B. These results are sufficient to define the problem, to indi-
cate the approach necessary to effect its solution, and to indicate why it
is recommendedthat the results summarizedin Table II be considered as
randomly chosen samples roughly representative of conditions to be expected,
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but not data upon which absolute vehicle-to-vehicle comparisons may be

based. Part of the vehicle-to-vehicle difference in peak dynamic pressure

conditions in Table II is due to non-equivalent entry angle phasing, and

part is due to the fact that each of the vehicles has slightly different

aerodynamic pitching moment characteristics. It is not clear how much of

the difference seen in Table II is due to aerodynanics and how much is due

to the vagaries of tumbling arrest.

i.5 CONCLUDING REMARKS

Trajectory data have been presented upon which subsequent vehicle design

analyses are based. The input data used have been documented. Because

of the "noise" inherent in the arbitrary selection of initial entry atti-

tude, concise comment cannot be made concerning the effect of vehicle

properties upon trajectory characteristics. Results are considered repre-

sentative of conditions to be found in the postulated failure mode and

adequate for the design analyses performed.

Ii
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SECTION2

AERODYNAMICPRESSURE

The purpose of this portion of the study is to predict analytically the
critical aerodynamic pressure loads for a 60° half-angle blunt cone and
an 0A.833 blunt tension shell capsule configuration.

2.1 ANALYTICALMETHODS

The primary assumption in the flow field calculation is that fluid is
inviscid. Although rarefied gas effects significantly influence shear
stress and convective heating for the flight conditions given in this
study, the aerodynamic loading will be almost totally due to pressure
forces which can be calculated accurately by an inviscid analysis (see
Reference 4). The angle-of-attack flow fields were calculated by a first-
approximation integral relation solution of the three-dimensional steady
state inviscid flow equations. The three-dimensional mixed elliptic-
hyperbolic differential equations that describe the subsonic-transonic
region of the flow field were transformed to ordinary differential equa-
tions. This was accomplished by approximating the conservation quantities
by linear interpolation along rays from the origin of coordinates and by
sinusoidal interpolation in the circumferential direction. In the first-
approximation solution the flow equations are solved in both meridional
planes of symmetry. These equations are coupled by the cross flow terms
which are assumedto vary sinusoidally in the circumferential direction.
The resulting system of equations is a two-point boundary value problem
in which both the initial detachment distance and the stagnation point
location are unknown. These missing conditions are obtained by satisfy-
ing the saddle point sonic regularity conditions or the sharp corner sonic
conditions in the transonic region of the flow field in an iterative
manner. The location of the stagnation point is assumedand the detachment
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distance is adjusted until the sonic boundary condition is one of the

meridional planes is obtained. The position of the stagnation point is

then adjusted and the process is repeated until sonic boundary conditions

in both planes are obtained. The unknown initial shock angle along the

body normal opposite the stagnation point was determined by the method

suggested in Reference 5. The stagnation streamline is assumed to be

straight and normal to the body, but the stagnation streamline entropy is

not necessarily the normal shock entropy. The formulation of the equa-

tions is very similar to that of Minalos (Reference 6) and Waldman (Refer-

ence 7) and differs only in that polar coordinates rather than body orien-

ted coordinates were used in the derivation. This choice of coordinates

was based largely on the fact that a tension shell solution was required

and since a concave body curvature would be involved, the linear inter-

polation in the body normal coordinate system could create problems (i.e.,

crossing normals within the shock layer). The formulation is more general

than the previous references since the chemistry is not limited to a per-

fect gas , and frozen or non-equilibri_n chemistry can be included in the

solution. This versatility in the chemistry model is required in the Mar-

tian entry case because of the low freestream densities and the extensive

non-equilibrium regions in the shock layer. The derivation of the equa-

tions is not included here because of the similarity of the work to that

given in References 6 and 7. The non-equilibrium chemistry portion of the

program is presented in Reference 8.

2.2 FLOW FIELD RESULTS AND DISCUSSION

The angle-of-attack body pressure distribution and the shock layer proper-

ties were calculated for the peak dynamic pressure conditions for both the

blunt 60° half-angle cone and the 0A.833 tension shell configurations

shown in Figures 7 and 8. The freestream and stagnation point properties

corresponding to the peak dynamic pressure conditions are shown in Table II.

The I00 percent C02,5 mb surface pressure VM-8 model atmosphere is assumed

to characterize the freestream properties. Real gas and non-equilibrium

chemistry effects were included in the flow field solution. Across the

bow shock, the rotation and the vibration internal energy modes were

assumed to be fully equilibrated with translation, while the chemical

species were assumed to be frozen at the freestream concentrations (i.e.,

I00 percent C02). The assumption of equilibrium internal degress of

freedom for CO 2 and 02 normal shocks above Mach 15 has been verified

experimentally (References 9 and i0) and is thus a good assumption for

these cases. At the stagnation point, the fluid was assumed to be in

thermochemical equilibrium. Along the body, it was found that the char-

acteristic flow time is much shorter than the characteristic chemical

reaction time and, hence, the chemistry was treated as frozen at the

stagnation equilibrium species concentrations. The y characterizing the

shock density ratio is approximately 1.17, while the frozen chemistry

isentropic exponent Y on the body at the peak dynamic pressure condition

is 1.18. The flight conditions for both the cone and tension shell are

13
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very nearly the sameand the real gas chemistry conditions at the shock
and body are the same. Becauseof the frozen chemistry conditions along
the body, the pressure distributions will be essentially independent of
body size and thus can be scaled for similar body shapes. The flow field
results for both the 60° half-angle cone and the tension shell are dis-
cussed separately in the following sections.

a. 60° Half-Angle Cone. The shock shape and body pressure dis-

tribution for the 60° half-angle cone are shown in Figure 7. The body

stagnation point location, which is one of the parameters determined by

iteration, was found to be 9.53 deg from the body axis of symmetry as

measured in a polar coordinate system located at the sphere cap center of

curvature. The flow field in the windward plane is almost completely sub-

sonic and the sonic line extends from the body corner to a point on the

shock almost directly opposite the corner. The windward plane pressure

distribution is quite flat and tails-off rapidly in the region of the sonic

corner.

In the leeward plane, the first-approximation integral relation solution

gives a sharp corner sonic condition on the body while the shock sonic

point is located in the sphere cap-cone junction region. Along the body

the pressure goes through a minimum and a slight positive pressure grad-

ient is observed in the transition region between the sphere cap and cone.

In addition, it was also found that the shock is very slightly concave in

the transition region between the sphere cap and the cone. This result

was not anticipated and caused some difficulty in the convergence sub-

routine of the computer program. Previous experience with simple body

shape integral relation solutions have indicated that concave shock

solutions occurred when the initial shock detachment was too large and

hence, the computer proBram automatically reduced initial shock detachment

distance when a concave shock region was found. A study of the literature

indicated that concave shocks in supersonic regions are a common occurrence

in zero and finite angle-of-attack sphere-cone flow fields (Reference ii).

In fact, regions with concave shocks should be expected in supersonic flows

when the body radius of curvature changes from a small to a large value.

The fact that in the leeward plane the sonic line was found to extend from

the sphere-cap shock region to the body corner makes the first-approximation

leeward plane results somewhat questionable. The problem is that the stag-

nation point entropy which characterizes the body flow properties and the

sonic point location in the first-approximation integral relation inviscid

solution is really not representative of the shock layer properties in the

conical flow region. It is pointed out in reference 12 that if the conical

afterbody flow deflection angle (0c _) is less than the shock detachment

angle, as it is here, the flow in the conical region will be characterized

by asymptotic conical flow conditions. Thus, the flow in the conical re-

gion of the body should closely approach the asymptotic supersonic cone

solution for the cone geometry and gas properties given. The actual body
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pressure distribution is probably closer to the asymptotic cone detachment

shock solution which is 1.2 psia for this problem, rather than the 1.5 to

1.2 psia result obtained from the first-approximation integral relation

result. Thus, a higher-order solution is required to obtain the correct

shock and body properties in the leeward plane, although, in this problem

the error in the first-approximation solution is not large.

b. OA.833 Tension Shell. The shock shape and body pressure distri-

bution as determined by the first-approximation integral relations calcula-

tion are shown in Figure 8. A complete solution was not obtained because

a triple point bifurcated shock region was found to exist in the leeward

plane. At the initiation of this work it was thought that for this rather

blunt tension shell, the flow would be entirely subsonic in both planes,

but angle-of-attack and real gas effects invalidated this assumption.

To expedite obtaining a solution, modified Newtonian flow was arbitrarily

assumed to exist in the leeward plane and was coupled with the integral

relations solution in the windward plane. Two interesting features are

noted in the windward plane results. The flow is completely subsonic in

the windward plane, and a concave shock was obtained in this region. At

first this solution was rejected and a number of detachment distances were

assumed to determine if another solution existed. It was found, however,

that the concave shock solution is unique and the result is attributed to

the effect of the cross flow. This same result has been recorded experi-

mentally at NASA Langley although for different angle-of-attack and dif-

ferent tension shell configurat _ns. (Reference 13). The schlieren shock

shape result for the Langley experiment is shown in Figure 9.

Initially, it was assumed that the flow in the leeward plane separated and

that a separated pressure plateau extended from the sphere cap to the

corner. The axial aerodynamic coefficient was then calculated and com-

pared with experiment and found to be much too low. The modified Newtonian

flow assumption in the leeward plane was then made which gave higher pres-

sures in the base region and, hence, a higher drag coefficient. This in-

creased drag, however, was not sufficient to obtain the experimentally

determined axial aerodynamic coefficient. Apparently, the large axial

aerodynamic coefficient measured experimentally is due to the pressure

recovery of the supersonic flow in the aft region of the tension shell
and is similar to the effect obtained with more slender tension shell

configurations. To obtain an accurate pressure distribution in the lee-

ward plane in the aft region, the complete triple point flow field

calculation must be made.

2.3 CONCLUDING REMARKS

The pressure distributions for the 60 ° half-angle cone and the OA.833

tension shell at angle-of-attack have been analytically determined. It

15



was found that it is valid to make the pressure distribution calculations,
at peak dynamicpressure entry conditions, by an inviscid analysis. Low
Reynolds numbereffects, which must be included in the heat transfer
analysis, can be ignored in the pressure distribution calculation. Real
gas effects significantly influence the pressure dis trubtion, however, and
must be included in the flow field analysis.

The flow field calculations were madeby a first-approximation integral
relations real gas angle-of-attack computer program. For both vehicle
geometries considered, it was found that in the windward plane of symmetry
the flow field is subsonic whereas in the leeward plane of symmetry, high
Machnumbersupersonic flow occurs. The first-approximation integral
relation solution is accurate in flow regions that are predominantely sub-
sonic, but is less accurate in supersonic flow regions such as the leeward
plane. Thus, higher-order analysis are required to accurately obtain the
complete leeward plane flow field description for both capsule configura-
tions at angle-of-attack.
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SECTION 3

STRUCTURAL ANALYSIS

In this study, Novozhilov shell and ring theory were used to obtain

acceptable designs, neglecting thermal loads for both blunt sandwich

conical shell and skin-stiffened tension shell capsules. The analysis

was implemented through the use of three digital computer programs for

the stress, stability and vibration analysis of stiffened shells of revo-

lution. The details of the methods employed in these programs have been

reported previously in References 14, 15 and 16.

3. I ANALYSIS PROCEDURE

The flow field analysis reported in Section 2 of this report yielded peak

qd pressure distributions, P0 and Pl, for the windward and leeward merid-

ians, respectively, of the blunt cone and tension shell capsules. As

noted, these pressure distributions, shown in Figures 7 and 8, are unaffect-

ed by capsule size for geometrically similar capsules. The linearized

stress response of a trial design was computed by assuming that the

circumferential variation of pressure is i/2(p 0 + pl ) + i/2(p 0 - pl ) cos _.
In this calculation, which is conveniently performed as an axlsym-

metric calculation and an antisymmetric calculation, the pressure loading

is equilibrated by the inertial loading of the mass distribution of the

decelerating capsule. If the stresses exceeded acceptable values, the

structure was redesigned and the calculation repeated.

Once the stress response was accepted as satisfactory, an additional

linearized axisymmetric state resulting from an axisymmetric pressure

distribution of magnitude P0 and the associated inertial loads was computed

for use in the stability analysis. It was felt that this axisyrmnetric state

would be a conservative substitute for the actual unsyrmnetrical state, the

17



18

stability of which is beyond the scope of the current computer programs.
The stability calculation then consisted of determining the critical
load factor I of the assumedload distribution as a function of the
numberN of circumferential waves of the incipient buckling mode. A value
of X less than unity indicates that the structure is unstable, whereas a
value of I greater than unity indicates that buckling will not occur at
the corresponding value of N. For each trial design, N was varied until

obtained a minimumor becameless than unity. In the stability calcula-
tions, it wasassumedthat the pressure loading is a dead loading. The
actual aerodynamic loading, being a nonstationary loading, is not rigorously
treated as the static loading of either a dead pressure or a normal pressure
field, the only two loadings within the scope of the current computer pro-
grams. Becauseof the approximate treatment of the aerodynamic loading and
the everpresent possibility of buckling sensitivity to structural imperfec-
tions, which was not considered, a trial design was not accepted until a
value of 3 or more was achieved for the minimumvalue of _.

After a design passed both tests of stress and stability, the fundamental
natural frequency w of the capsule was computedas a function of the
circumferential wave numberN of the vibration mode. In this calculation
the capsule was free of rigid body constraints, as it is in its natural
entry condition. However, the effect of entry loads on the natural vibra-
tions of the capsule was not considered. Several consecutive values of
N were considered, including the value for which w obtained its minimum
value.

3.2 BLUNTCONECAPSULES

a. Analytical Models. Figure I0 shows a schematic sketch of the

blunt cone capsules. The capsule shell consists of a 120 deg truncated

cone and a spherical nose cap. The wall construction is aluminum honey-

comb sandwich for which the mass density of the core (including adhesive)

is assumed to be 0.004 Ib/in 3. For the purposes of analysis, the sandwich

core layer is assumed to provide negligible rigidity in tangential direc-

tions while providing sufficient transverse shear and normal rigidity in

order that the thin shell hypothesis of nondeformable normals remains

valid. The shell base is stiffened by an aluminum tubular ring. The base

ring was sized using the results of Reference 17, which showed that its

primary function is to suppress the tendency to buckle into an undesirable
inextensional mode with two circumferential waves.

The payload is attached through an aluminum payload ring in the forward

section of the capsule. For the purposes of analysis, the payload attach-

ment (including the payload ring) of the 15 ft capsule was assumed to be

perfectly rigid. Although this assumption is probably a good approxima-

tion, it tends to over estimate the buckling loads and natural frequencies.

In order to bound the real situation at the other extreme, in the analysis
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of the 19 ft capsule the stiffness contribution of the payload (i.e., the

payload attachment other than the payload ring) was neglected. At the

same time, the payload mass was uniformly distributed throughout the pay-

load ring simply by increasing the ring density to the point where the

ring mass equaled the total mass of the attachment. This procedure tends

to underestimate the buckling loads and natural frequencies, particularly

for vibration modes with two or more circumferential waves, in which it is

doubtful that the payload mass participates.

As a practical refinement in the analysis of the 19 ft capsule, the section

properties of the base ring include both those of the tubular ring and an

aluminum channel ring inserted into the end of the sandwich core. Details

of the payload and base rings for the 19 ft capsule are shown in Figures

47 and 48.

In order to account for the mass of a heat shield layer, the surface _ensity
of the outer sandwich wall layer was increased uniformly by 0.7 ib/ft-.

The stiffness contribution of the heat shield was neglected.

The weight breakdown in pounds for the two capules is given below:

15 ft 19 ft

Capsule Capsule

Structural Shell 156 329

Heat Shield 142 228

Base Ring 71 127

SUBTOTAL 369 684

Payload Attachment 1486 2066

TOTAL 1855 ibs 2750 ibs

b. Analytical Results. Figures ii and 14 show the numerically

maximum (with respect to _) stress distributions resulting from the com-

bined peak qd aerodynamic and inertial loading for the 15 and 19 ft cap-
sules, respectively. Results are shown only for the outer faces of the

inner (layer i) and outer (lair 3) sandwich layers, Since these layers carr_

negligible bending moments, the stress distributions at their inner faces

are practically the same as the distributions shown. Also, since the

tangential rigidities of the sandwich core layer are neglected, the

corresponding core stresses are also negligible and therefore not plotted.

The stress distributions shown in Figures 9 and 14 are decomposed into

their axisymmetric and antisymmetric components in Figures 12, 13 and

15, 16, respectively. It is seen that the maximum stress of the 15 ft

capsule is 20,250 psi, this being a meridional stress occurring in the
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outer aluminum layer immediately aft of the payload ring. The axisymmetric
componentof this stress is 17,000 psi and the antisymmetric component is
3,250 psi. On the other hand, the maximumstress of the 19 ft capsule is
26,100 psi, again a meridional stress occuring in the outer aluminum layer
but, in this case, immediately forward of the payload ring. This stress
is primarily a bending stress and is due, in part, to the radial eccentri-
city of the payload inertia, which is assumedto act through the ring
centorial axis. The axisymmetric and antisymmetric componentsof this
stress are 23,700 psi and 2,400 psi, respectively.

Figures 17 and 19 show the prebuckling stress resultants and meridional
rotation used in the stability analysis of the 15 and 19 ft capsules,
respectively. Figures 18 and 20 show the corresponding incipient buckling
displacements for each capsule. In each case, buckling takes place in a
modewith six circumferential waves. Note that in the case of the 15 ft
capsule, the rigid payload ring has decoupled the buckling of the portion of
the capsule shell aft of the payload ring from that forward of the ring,
which buckles at a muchhigher value of h. The variation of critical load
factor with circumferential wave number is given in the following table.
Values given in the first columns for each capsule exclude the effect of pre-
buckling rotation, whereas values in the second column include this effect.

15 FT CAPSULE 19 FT CAPSULE

N__ Excl _ Incl X Excl X Incl

2 9.42 4.22

4 5.90 5.73

5 3.62 4.02

6 3.45 3.32 4.10 3.96

7 3.48 4.28

8 3.92 4.87

i0 4.89 6.16

As seen from this table, the N = 2 and N = 6 mode for the 19 ft capsule

are relatively balanced, as they should be for an optimum base ring design

(see Reference 17). However, the N = 2 mode for the 15 ft capsule has a

much greater critical load than the corresponding N = 6 mode. This results

primarily from the assumption in this case of a rigid payload ring, which

significantly stiffens the structure relative to buckling in the N = 2

mode. On the other hand, the stiffness of the payload ring has little

effect on the N = 6 mode, which is evident by the negligible buckling dis-

placements in the vicinity of the ring shown in Figure 20.

Figures 21 through 26 and 26 through 30, show the fundamental vibration

modes for the 15 and 19 ft capsules, respectively. In each case, the

minimum frequency occurs in an approximately inextensional mode with two

circumferential waves. In principle, this frequency can be increased
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significantly by increasing the stiffness of the base ring. However,

since increased base ring mass will, at the same time, tend to lower the

frequency, the best manner of stiffening the structure is not obvious.

As discussed previously, the minimum frequency w = 10.77 cps obtained for

the 19 ft capsule is overly conservative since the total payload mass was

assumed to participate in the vibration. The axisymmetric torsional modes,

which are not shown, of the 15 and 19 ft capsules have frequencies of

153.0 cps and 157.3 cps, respectively.

3.3 TENSION SHELL CAPSULES

a. Analytical Models. Figure 31 shows a sketch of the tension

shell capsules. The capsule shell consists of an OA.833 tension shell

(Reference 2) truncated at 95 percent of its theoretical base radius and

a spherical nose cap with half-angle of 40.6 deg. The wall construction

is stiffened aluminum monocoque with 24 interior aluminum tubular rings

and 60 aluminum Z-section stringers uniformly spaced in the base region

(0.801 < R/R B < I). Since the hoop compressive stress, which causes

buckling, is small in the forward section of the tension shell, the spacing

of the interior rings was made more coarse in the forward section (0.274 <

R/RB < 0.5), where 7 rings are located, than in the aft section (0.5 <

R/RB < i), where 17 rings are located. The placing of rings in the forward

region is, however, necessary in order to avoid buckling in a mode Concen-

trated in this region with a large number of circumferential waves. The

stringers are necessary to suppress large deformations occurring prior to

buckling in the shallow base region of the tension shell. The precise loca-

tion of the rings, which are treated discretely, is not a design feature,

but rather was dictated by the location of points of shell subdivision which

were spaced to minimize round-off error in the numerical solution. The

shell base is stiffened by an aluminum tubular base ring.

The payload is attached through an aluminum payload ring at the juncture

of the spherical nose cap and the tension shell. As in the analysis of

the 19 ft blunt cone capsule, the stiffness contribution of the payload

itself (i.e., the payload attachment other than the payload ring) was

neglected. Likewise, the mass of the payload attachment was distributed

throughout the payload ring in the analysis of axisymmetric or antisymmet-

ric response. However, in contrast to the vibration analysis of the 19 ft

blunt cone capsule, the tension shell payload mass was neglected in the

analysis of vibration modes with two or more circumferential waves. This

is a more realistic assumption since very little of the payload mass, which

is essentially rigid, will participate in these shell modes, which involve

no rigid body motions. Details of the payload ring, base ring, interior

rings, and stringers for the 19 ft capsule are shown in Figure 49.

As with the blunt cone capsules, the mass of a heat shield layer was

accounted for by increasing the surface density of the shell by 0.7 ib/ft 2.

The stiffness contribution of the heat shield was neglected.
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The weight breakdownin pounds for the two capsules is given in the
following table.

15 ft 19 ft
Capsule Capsule

Structural Shell 71 145

Heat Shield 138 222

Base Ring 33 67

Interior Rings 33 67

Stringers ii 22

SUBTOTAL 286 533

Payload Attachment 1569 2217

TOTAL 1855 ibs 2750 ibs

The analysis was carried out in detail for the 15 ft capsule. The 19 ft

capsule was then obtained by scaling up all structural dimensions by the

ratio 19/15. As a consequence, all structural weights increase by the

ratio (19/15) 3 . The heat shield weight was increased by the ratio (19/15) 2 ,

assuming that its surface density, 0.7 Ib/ft 2, remains unchanged.

b. Analytical Results. It was determined early in the analysis that

the tension shell capsule would be designed by buckling considerations.

Therefore, in this case, the stability analysis was completed first before

proceding to the stress and vibration analysis. It was decided in the

stability calculations to focus attention on the tension shell proper by

neglecting the stiffness and prebuckling response of the spherical nose

cap, which is,approximately decoupled from the tension shell by the heavy

payload ring." This allowed the full use of the program capability of

33 subintervals over the tension shell proper. Because of the relatively

small compressive stress in the forward section of the tension shell, it

was initially decided to provide stiffening rings in the aft section only.

An early design of the 15 ft capsule had 12 interior aluminum tubular

rings (r = 0.4 in, t = 0.016 in) in the interval 0.6 < R/R B < i and an

aluminum tubular base ring (r = 2.65 in, t = 0.025 in). The payload ring,

which remained unchanged in further design iterations, is a scaled down

version of the Aluminum 1-section ring shown in Figure 49. The uniform

* This decoupling is evident for the 19 ft blunt cone capsule. Figure 20

shows that the buckling response of the shell forward of the payload

ring is negligible.
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shell thickness of 0.025 in was also unchanged by design _teration. For

this design the buckling load factor, neglecting the effect of prebuckling

deformations, as a function of circumferential wave number is given in the

following table.

N: 2 4 6 8 i0 12 14

%: 2.05 >3.6 3.03 2.89 2.4 1.45 0.94

Although % had not yet obtained a minimum, the calculations were stopped

at N = 14 since the structure was already shown to be unstable. Examin-

ation of the corresponding incipient buckling mode shapes showed that for

N < i0 the maxim_n buckle amplitude occurs in the base region. However,

fo_ N = 12 and 14 the buckling is essentially confined to the unstiffened

forward portion of the tension shell. It was therefore reasoned that

putting additional stiffening rings in this forward region would raise the

critical loads for N > 12 to acceptable values without changing signifi-

cantly their values f_r N _ i0, thereby forcing _ to obtain a minimum for

N < i0.

The structure was then redesigned with 17 interior rings in the interval

0.5 < R/R B < i, and 7 additional interior rings spaced more coarsely in

the interval 0.274 < R/R B < 0.5. For this design the buckling load factor,
neglecting prebuckling deformations, is given in the following table.

N: 2 4 6 8 9 i0 12 14

%: 2.29 >3.6 3.42 2.92 2.89 2.94 3.15 3.39

The prebuckling state for this design is shown in Figure 32, and the

corresponding incipient buckling displacements for N = 2 and N = 9 are

shown in Figures 33 and 34 respectively (% < i).

Although _ now obtains a relative minimum at N = 9 in a mode which is

highly concentrated in the base region, the critical harmonic is seen to

be N = 2 for which an approximately inextensional mode over the whole

shell occurs. However, it is apparent from Figure 32 that large pre-

buckling rotations are developed in the shallow base region of the tens_n

shell prior to buckling. The maximum rotation shown is 0.109 radius, which

if the linearized state were valid, would reach 2.29 times this value at

buckling. This fact suggests that the above results are unreliable. When

the prebuckling rotations were included in the stability analysis, tne

N = 2 calculations converged to X = 1.73 and the mode obtained is shown in

Figure 35, whereas the N = 9 calculations diverged. Divergence means that

the numerically minimum eigenvalue of the mathematical problem, formulated

on the assumption of moderate prebuckling rotations,is complex. It was

shown in Reference 15 _hat if the assumption of moderate rotations is valid,
i.e., if at buckling _ is negligible compared to unity, then ail eigenvalues
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are real. Thus, the appearance of complex eigenvalues is an indication
of the _nvalidity of the theory used in the stability analysis of this
design. It was therefore decided to provide extra stiffening in the
form of stringers in the base region in order to suppress the large de-
formations occurring there. This was accomplished by incorporating 60
uniformly spacedZ-section aluminum stringers in the region 0.801 < R/RB < i.
At the sametime, the wall thickness of the tubular base ring was increased
from 0.025 to 0.035 inch. For this design, including the effect of pre-
buckling def0rmations, the minimumvalue of h is 3.16 for N = 2. The higher
harmonic modeswhich were highly concentrated in the region of the stringers
have values of %greater than 3.5. Figures 36 and 37 show the prebuckling
state and the corresponding incipient buckling displacements.

Figures 38a and 38b show the numerically maximum(with respect to _) stress
distributions resulting from the combined peak qd aerodynamic and inertial
loading for the inner and outer faces, respectively, of the skin of the
15 ft tension shell. These stress distributions are decomposedinto their
axisymmetric and antisymmetric components in the Figures 39 and 40. In
obtaining these results the inertial reaction of the spherical nose cap
and associated heat shield was applied at the forward edge of the tension
shell, and the radial eccentricity (measured from the shell middle surface)
of the inertial reaction of the payload attachment was neglected.( attempt
was madeto removethe axial eccentricity of the payload reaction, since the
approximate treatment of the payload mass introduces an error in the loca-
tion of the reaction). It is noted that for the thin-walled monocoque
tension shell capsule, the eccentricity of the payload inertia can have a
significant effect on the shell bending stresses in the immeJiate vicinity
of the payload ring. It is seen that the maximumstress is 51,460 psi,
this being a meridional stress occuring in a localized zone of high bending
at the outer surface of the shell immediately aft of the payload ring.
Since the direct stress componentof this stress is only 12,430 psi this
stress level appears to be acceptable. The axisymmetric componentof the
stress is 41,500 psi and the antisymmetric component is 9,960 psi.

Figures 41 through 45 show the fundamental vibration modes for the 15 ft
capsule. In these calculations the spherical nose cap plus associated heat
shield masswas lumpedwith the payload masswhich was distributed uniformly in
the payload ring for N _ i, and neglected for N > 2. Also, the stiffness
associated with the nose cap was neglected. As with the blunt cone capsules,

* It is not knownat this time if the use of the nonlinear prebuckling
state will make the critical eigenvalue for N = 9 real, since the non-
linear prebuckling rotation may still be too large for moderate rotation
shell theory, upon which the eigenvalue equations are based.
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the minimum frequency, 12.50 cps, occurs in an approximately inextensional

mode with two circumferential waves. The axisymmetric torsional mode,

which is not shown, has a frequency of 126.1 cps.

As noted previously, the 19 ft capsule design was obtained without

detailed analysis by scaling the 15 ft design. If the heat shield and

payload weights had increased by the same ratio as did the structural

weights, viz. (19/15i 3, then the results obtained for the stress and stabil-

ity analysis of the 15 ft capsule would apply also the 19 ft capsule. In

addition, the vibration frequencies of the 19 ft capsule would be 15/19 of

the vibration frequencies of the 15 ft capsule. Actually, the heat shield

weight increased only by the factor (19/15) _, and the payload attachment

weight increased only by the factor (19/15) 1.47 . These differences affect

the stress and stability analyses only through the inertial loading, the

largest part of which, in either case, is concentrated at the payload ring.

Therefore, they are not expected to cause significant design changes. Also

the vibration frequencies will be somewhat higher than predicted by the

scaling ratio 15/19, the discrepancy being greater for vibrations with

N < I, in which the payload mass participates, than for those with N > 2.

Th_s, one can expect the minimum natural frequency of the 19 ft design to

be somewhat greater than (15/19)x 12.50-- 9.86 cps.

3.4 CONFIGURATION EVALUATION

a. 19 ft Blunt Cone Capsule. The basic configuration of the

19 ft conical capsule is shown in Figure 46 and major structural details

are shown in Figures 47 and 48. The shell of the capsule is of aluminum

honeycomb sandwich construction. Shell thickness is 0.79 in consisting

of a 0.75 in core with 0.020 in skins. With regard to ease of fabrication

and inspection, an alternate ring-stiffened monocoque wall design may be

advantageous. Also, the reliability of the sandwich construction may be

seriously impaired if the capsule is subjected to severe heat cycles in

accordance with sterilization requirements. The payload mounting ring,

Detail A, is integrated into the shell structure by progressive lay-up

and cure of sectors of the sandwich core and inner skin. Alternate ring

designs which permit more straight-forward assembly procedures have been

examined in a cursory manner. In general, these Alternatives impose some

degree of weight penalty in the form of redundant flanges or numerous

core inserts. A method of attaching the base ring to the rim of the shell

is shown in Detail B. Radial shell loads are transmitted to the base ring

through a doubler which is bonded to the inner skin and which wraps over

the base ring. A second formed sheet metal member wraps over the outer

surface of the base ring and is bonded to the inner surface of the shell

rim in an attempt to avoid local deformation of the ring wall.

b. 19 ft Tension Shell Capsule. Preliminary concepts of the tension

shell structural assembly are illustrated in Figure 49. The shell itself

consists of a spherical nose section and an OA.833 tension shell truncated
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at 95 percent of the theoretical base radius. Each section has a uniform
thickness of 0.036 in. Attached to the back face of the shell are the
payload mounting ring, concentric tubular stiffening rings, radial ribs
and the base ring. Alternate design details have been shownto illustrate
various aspects of fabrication and assembly that should be considered as
the vehicle is studied in more detail. The design option shownrelate
primarily to methods of joining the various structural members. Two
anternative forms are illustrated for the payload mounting ring and the
concentric stiffening rings.

The baseline design utilizes tubular stiffening rings which are attached
to the shell with flush head blind rivets. This design results in a
smooth outer structural surface at the expense of dimpling operations that
could becomecomplex if proper dimple registration is to be maintained.
In the alternate design of Detail A, stiffening rings with flanged channel
sections are used and these are attached to the shell with standard pro-
truding head rivets. The use of this type of rivet can be justified if
the bond line between structure and heat shield exceeds approximately
0.050 in. The structural assembly could also be joined by bonding or
welding. Bondedjoints must be evaluated according to the structural
temperatures that will be anticipated during entry. Welded joints must
be evaluated on the basis of possible structural deformation and local
degradation of material properties.

3.5 CONCLUDINGREMARKS

Preliminary designs of blunt cone and tension shell entry capsules for
the Voyager mission have been presented. The results of the detailed
structural analysis of the tension shell capsule verify the potential
usefulness of this concept. For capsules with a 19 ft base diameter,
the tension shell design exhibits a theoretical increased payload capa-
bility of 151 ibs over the blunt cone design. However, the designs
presented, which are structurally adequate to survive a Martian entry, do
not necessarily possess minimumweight relative to other designs of the
sameconcept (or of different concepts which have not been studied).
Therefore, the above comparison of these two concepts is as yet
inconclusive.
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APPENDIX A

AERODYNAMIC DATA

Aerodynamic data for input to trajectory computations were obtained after

assembling applicable experimental data and comparing them with modified

Newtonian theory. The estimation procedure used and the results obtained

are described below, considering first the 60 ° blunted cone configuration,

then the OA.833 tension shell shape.

A.I 60 ° BLUNTED CONE

Figures 50, 51 and 52 show supersonic aerodynamic data from wind tunnel

test and from theory for a 60 deg cone. The angle-of-attack range is

0 - 90 deg. Test data are from Langley Research Center (Reference 18,

and from JPL (Reference 19). The modified Newtonian data were computed

using Aeronutronic's AF22F digital computer program. (The modification

resulted from use of 1.84 as the stagnation pressure coefficient instead

of 2.00).

Normal force coefficient versus angle-of-attack is presented in Figure 50.

The final fairing follows test data where they are available and the trends

of modified Newtonian theory at angles-of-attack where they are not. The

test data show good agreement, even though the JPL data are for a bluntness

ratio (nose radius to base radius) of 0.25 and the LRC data are for zero

bluntness. Modified Newtonian theory shows the effect of such nose blunt-

ness variations on normal force coefficient as well as axial force and

pitching moment coefficients to be negligible.

Figure 51 shows axial force coefficient data. The fairing adopted general-

ly favors data of Reference 19, then parallels the theoretical curve at

angles of attack beyond the range of experimental data.
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Figure 52 presents pitching momentcoefficient. Generally good agreement
is noted amongexperimental data.

Figures 51, 52 and 53 present data for angles-of-attack from 0 - 90 deg
and entertain the assumption that the vehicle base is flat. Aerodynamic
characteristics at angles greater than 90 deg, necessary for tumbling
arrest simulation, were estimated and are shown in Figure 53. Recognizing
the arbitrary nature of the flat base assumption, the data shownwere
assumedrepresentative of the tension shell shape as well as the 60 deg
blunted cone at angles from 90 deg to 180 deg.

An estimated -0.3/radian for the pitch damping derivative Cmqwas used for
the cone and the tension shell as well. This was derived from Newtonian
theory. Although available ballistic range data were beset with uncer-
tainties larger than this theoretical value, it tends to be near the center
of experimental scatter.

A.2 TENSIONSHELLOA.833

Aerodynamic data for the OA.833vehicles were derived from a small amount
of applicable wind tunnel data and from modified Newtonian theory, follow-
ing trends noted in aerodynamic data of the OAI.40 tension shell config-
uration. A shock stand-off criterion was used to define Mach 2.5 as the
lower limit of applicability for hypersonic aerodynamic coefficient data.
Although wind tunnel test data are available for various tension shell
configurations, the 0A.833 data cover the angle-of-attack range from zero
through only 20 deg. Since this range is inadequate for present needs, a
rationale for extrapolation to higher angles was developed based on trends
found in OAI.40 tension shell data.

Figure 54 comparesthe 0A.833 and OAI.40 basic shapes. Of the configura-
tions for which significant amounts of wind tunnel longitudinal stability
data are available, OAI.40 is the one which most nearly resembles OA.833.
In addition, data to 60 deg angle-of-attack are available for OAI.40,
whereas 20 deg is the limit of the OA.833 data.

OAI.40 data from Reference 20 for two bluntness ratios (Rn/RB = 0.I and
0.0) are comparedwith modified Newtonian theory on Figure 55. A large
difference in aerodynamic coefficients between theory and test data
occurs at low angles-of-attack. From 30 60 deg, however, data for both
bluntnesses agree and follow Newtonian theory. The low angle-of-attack
discrepancies are to be expected for this somewhatslender tension shell
where the shock wave pattern is not that predicted by Newtonian theory
(shock wave lying along vehicle surface), or where a slight alteration of
the apex shape strongly affects leeward separation as well as the bow shock/
base shock interaction location. At larger angles-of-attack, however, the
windward shock wave pattern is roughly Newtonian and leeward flow is
separated regardless of small alterations (bluntness) near the apex.
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The comparison of data and theory shown on Figure 55 establishes the

pattern adopted for estimating high supersonic aerodynamic characteristics

of the OA.833. Low angle-of-attack data are based exclusively upon test

data; at high angles of attack, estimates are based with a fair degree of

confidence upon Newtonian theory.

High speed aerodynamic data from Reference 21 and Langley Mach i0 data

(tabulated in Table III, together with Newtonian theory were used for

estimates at Mach numbers greater than 3. These are presented in Figures

56, 57 and 58 showing normal force, axial force, and pitching moment

coefficients versus angle-of-attack. Although Reference 21 test data are

only to 20 deg and with zero nose blunting, they show a trend toward

Newtonian theory at 20 deg angle-of-attack. The Table III aerodynamic

data pertain to an OA.833 model of design bluntness ratio at test condi-

tions involving more flight-like Reynolds numbers, thus more reliance is

placed on these experimental results than those of Refernce 21 in the low

angle-of-attack region. A heavy line on each of these figures shows the

fairing adopted to represent final high speed data used in tension shell

trajectory computations.
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APPENDIXB

TUMBLINGARRESTANALYSIS

A series of trajectories were computed in an attempt to define equally
probable angular initial conditions for each vehicle's design trajectories.
The object was to obtain comparable tumbling arrest conditions to assure
that unfair vehicle-to-vehicle comparisons did not arise. An analysis was
attempted only for one vehicle, however, it soon becameapparent that
the cost of accomplishing a separate analysis for four vehicles would be
beyond the scope of the present study. The analysis which was completed is
presented here to indicate the nature of vehicle-to-vehicle uncertainties
which prevail in consequenceof not having established for each vehicle
tumbling initial conditions to a commonprobability level. After reviewing
the effect of initial angle-of-attack upon tumbling arrest and oscillation
envelope for the small blunt cone, the size of the envelope at critical
design conditions is interpreted in terms of pitch rate during the last
tumbling revolution, showing how a commonprobability level might have
been established for each vehicle.

It should be kept in mind that tumbling is not expected during capsule
entry. The tumbling studied here is presumed to have resulted from a fail-
ure. This Appendix deals with trajectories and loads to be expected in
this failure moderather than during nominal conditions.

A vehicle making an uncontrolled non-spinning passive entry into a plane-
tary atmosphere is presumed to be tumbling at a constant rate prior to
entering. Uponentry, the tumbling rate will begin to be affected by
aerodynamic momentsas dynamic pressure increases. Aerodynamic stability
will usually bring this tumbling rate to zero. Subsequently, the vehicle
will undergo an oscillatory motion. Becauseof the initial tumbling motion
it is not possible to specify the angle-of-attack at the momentaerodynamic
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effects begin to affect tt_nbling. Therefore, an uncertainty in the angle-

of-attack history will necessarily prevail. For a given vehicle with a

given initial tumbling rate, however, this uncertainty is bounded by a

minimum possible angle-of-attack envelope and by a maximum envelope for

which the probability of exceeding that maximum can be specified. The

study described here was initiated to define such bounds for the flat-based

60 deg small conical entry vehicle.

Tobak and Peterson's definitive theory of tumbling motion, its arrest and

subsequent oscillation could not be applied quantitatively because of the

vehicle's non-linear moment curve which differs radically from the ideal-

ized Cm (_) = (Cm)ma x sin _ shape assumed in Reference 22. It was

necessary to resort to a series of tr_ ectories to determine the relation-

ship between initial angle-of-attack and the eventual magnitude of the

angle-of-attack envelope. Figure 59 shows the small 60 deg cone pitching

moment about the vehicle center of gravity. A work-equivalent sinusoid

curve is also shown as evidence of the inapplicability of Tobak and Peter-

son's theory to this vehicle.

B. i ANGLE-OF- ATTACK TIME HI STORIE S

A small blunt 60° conical vehicle was simulated entering the VM-7

atmosphere at 15,000 ft/sec on a flight path depressed 13 deg from local

horizontal, with 0.2 radians/sec tumbling rate. Figure 60 shows angle-of-

attack histories computed following tumbling entry from three angles-of-

attack at 800,000 ft altitude, 0°, -i0 ° and -20 ° , illustrating the effect

of small phase angle changes upon tumbling arrest, the first oscillation

peak following arrest and the subsequent angle-of-attack envelope. The

ordinate of Figure 60 is the total angle-of-attack magnitude; thus tumbling

motion is characterized by a trace which bounces off the 180 ° line as well

as the 0° line. In oscillatory motion (after tumbling arrest) the trace

reflects only off the abscissa.

Although the curves of Figure 60 span only 20° change in tumbling phase

angle, they show significantly different angles-of-attack at 300,000 ft.

(For economy, these runs were terminated at that altitude.) Run 19, with

an initial angle-of-attack of -20 ° at 800,000 ft shows a 38 ° envelope at

300,000 ft. Run 14 with initial _E = 0° has a 56 ° envelope. Run 17,

however, has not yet begun to oscillate at 300,000 ft although its initial

angle-of-attack (-I0 °) was midway between those of the other two runs.

Tobak and Peterson (Reference 22) note the mathematical possibility of a

body coming to rest in a position of unstable equilibrium and remaining in

that attitude ever after, but dismiss it as somewhat unrealistic in

practice. With the small blunt cone, however, such a possibility cannot

be dismissed that easily. The Tobak and Peterson model with its sinusoid

moment curve has an unstable trim point at 180 ° . On the blunt cone,
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however, there is a moment-free neutrally stable region extending 50° on
either side of _E = 180° (See Figure 59), thus it has a greater tendency
than the Tobak and Peterson model to linger in these unfavorable flight
orientations. (It should be noted that when better afterbody aerodynamic
data becomeavailable, coupled with a good definition of afterbody shape,
a more realistic determination of rear-ward trim can be made).

This explains the _E = -i0° history of Figure 60. Tumbling was almost but
not quite arrested in Run 17 as the vehicle pitched into the moment-free
region beyond_ = 130° at 450,000 ft. At that point, it was rotating at
only i0 percent of its initial tumbling rate. Rotation continued at that
slow rate across the i00° wide neutrally stable region until momentsdue
to angle-of-attack were again felt at _ = -130° . Although its time his-
tory was terminated at 300,000 ft, because of the slow rotation the vehicle
descended significantly deeper into the high dynamic pressure regions with
a large angle-of-attack. Its post-arrest oscillation envelope must have
been significantly greater than those of the other two runs.

Figure 60 and the results of Run 17 indicate that the critical initial
angle from which the vehicle will cometo rest flying backwards is found
between_E = -i0° and _E = -200- Additional trajector_ results presented
in Figure 61 narrow the region to between -i0 ° and -15_. How the data of
Figures 60 and 61 maybe cross-plotted to pinpoint the critical angle and
to afford greater insight into the probability of encountering unfavorable
tumbling arrest conditions is discussed next.

B.2 CHARACTERIZINGARRESTCONDITIONS

Although it is customary to characterize tumbling arrest in terms of the
angle-of-attack at the first oscillation peak after arrest, there is a
degree of inconvenience involved in finding such peaks in digital computer
output data. This inconvenience was avoided by taking advantage of the
shape of the cone's pitching momentcurve. Since Cm is zero across a wide
band centered at 180° angle-of-attack, vehicle tumbling rate is essentially
constant every time angle-of-attack passes through this region. (Actually,
very small changes are seen due to Cm_, but these are insignificant.) Blunt
cone tumbling arrest conditions therefore maybe characterized by the pitch
rate observed passing through 180° in the last full tumbling revolution be-
fore arrest, a quality always directly available in FD45Fprintout, rather
than by the magnitude of the first oscillation peak, which is not directly
available in FD45Fprintout. Another minor inconvenience is avoided since
the size of the first oscillation peak is not by itself completely indica-
tive of the angle-of-attack envelope at later critical design conditions,
as inspection of Figure 61 (or sketch d of Reference 22) will confirm.

Figure 62 presents pitch rate in the last tumbling revolution VS. initial
angle-of-attack for the computer runs of Figures 60 and 61. In this phase
plane presentation, initial angles-of-attack which result in critical large
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values of angle-of-attack in design conditions are characterized by a dis-

continuity. On Figure 62 the discontinuity appears between dE = -i0 ° and

-15 ° . On Figure 63, which is for the same blunt cone vehicle on a different

trajectory into a different model Mars atmosphere, the discontinuity appears

between o_ ffi97° and 99°. The discontinuity in the phase curve is related

to the "critical angle" which T0bak and Peterson define as that initial

orientation which brings the motion to rest at _ = 180 ° with no subsequent

oscillation, hence entry in a backwards orientation. The bottom of the

notch-like discontinuity of Figures 62 and 63 is that critical angle. It may

be shown that angle-of-attack envelopes at critical design conditions dimi_

ish as the initial angle moves away from the bottom of the notch, conditions

improving much more rapidly moving up the steep left side of the notch than

up the slope on the right.

B.3 PROBABILITY CONSIDERATIONS

The shape of the notch in phase plane curves such as those of Figures 62

and 63 facilitates selection of the initial angle-of-attack for a trajec-

tory resulting in a design maximum angle-of-attack envelope for which the

probability of exceeding that maximum is some preselcted value. In

general, the distribution of _E at an entry altitude will be uniform. The

steepness of the left edge of the phase plane notch allows one todefine

the maximum angle-of-attack envelope whose probability of being exceeded

is, say, 5 percent as that envelope resulting from an entry using an _E

which is .05 x 360 ° = 18° to the right of the critical angle.

If it were deemed necessary to design both vehicles under strictly equit-

able conditions, it would be necessary to repeat the analysis described

in this Appendix for each vehicle. The decision was made, however, not

to pursue tumbling arrest analysis further. Consequently, each of the

vehicles was launched into its two design trajectories from an arbitrarily

assigned d E = 90 ° at 800,000 ft (with pitch rate = + 0.i rad/sec instead

of the 0.2 used here). The probability to be assigned to any of the angle-

of-attack envelopes obtained in Figures 2, 3,4, or 5 is not known. None

of them appear to be seriously contaminated with near-critical initial

angle-of-attack effects, but on the other hand, there is no way of telling

how close any trajectory is to the minimum possible angle-of-attack enve-

lope. Two to three degrees is the estimated uncertainty in envelope

angles-of-attack at peak dynamic pressure in the design trajectories pre-

sented in this report; this su_ective estimate is based on trends seen

in this brief tumbling arrest analysis.
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APPENDIXC

SPINNINGENTRY

Entry conditions originally considered for the capsules involved spinning
rather than tumbling. The result of a control system failure was presumed
to be 40 rpmof spin rather than 0.i rad/sec t unbling in pitch. The most
critical of the 40 rpm spinning entries considered starts at 90° angle-of-
attack. An entry trajectory from this critical condition is presented
here to demonstrate the undesirability of so large a spin rate.

Vehicle aerodynamic static stability is insufficient to overcome angular
momentumin spin. The vehicle does not achieve its intended high drag,
low angle-of-attack attitude, but seeks an edgewise flight orientation.

C.1 COMPUTERSIMULATION

A i0 ft blunt cone from an earlier configuration study was simulated in
the shallow-fast entry condition into atmosphere VM-3. Initial spin was
set at 40 rpm; angle-of-attack, + 90° .

C.2 TRAJECTORYRESULTS

Figure 64 showsvelocity, angle-of-attack, dynamic pressure and flight
path angle profiles during spinning entry. Angle-of-attack climbs from
90° at entry (800,000 ft) to 96° at 350,000 ft, while flight path angle
changes from -13° (800,000 ft) to -4° at 200,000 ft. These changes are
due principally to curvature of the capsule's trajectory. At 350,000 ft
altitude, it has covered 12° of its 25.7° great circle ground path from
the sub-entry point to impact. Although the total angle-of-attack is
reduced momentarily to 60° , terminal descent is essentially at 90° . The
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dynamic pressure trace exhibits two peaks. Flight path angle reverses

trend at the first peak, steepening significantly in the region between

the first peak and impact.

Angle-of-attack divergence after the first dynamic pressure peak is due to

aerodynamic pitching moments which become weaker with decreasing dynamic

pressure and with decreasing angle-of-attack. Flight at 90 ° is regained

at 50,000 ft. Angle-of-attack oscillations commence at 30,000 ft diverg-

ing to 30 ° peak-to-peak amplitude at impact.

There is an order of magnitude change in drag coefficient between +90 °

and +60 ° angle-of-attack which works in a manner to maintain dynamic pres-

sure after the first peak. At the peak, the blunt cone at +60 ° shows a

drag coefficient of 0.60, well below the 1.5 available at zero angle-of-

attack, but much greater than the 0.06 obtained as the cone presents a

sharp edge to the airstream at +90 ° . The second peak in the dynamic pres-

sure trace is thus the eventual result of prior drag modulation.

C.3 CONCLUDING REMARKS

The example presented shows one consequence of a presumed attitude con-

trol failure on a capsule spinning at 40 rpm. Entering at 90° angle-of-

attack, the vehicle is unable to orient itself in its intended high-drag

flight attitude. Not only does it fail to decelerate to airspeeds where

successful terminal parachute staging may be expected, but its orientation

with respect to the airstream and its spinning and precessing motion are

not conducive to trouble-free deployment of such devices. Spin of the

magnitude considered in this analysis had a much more degrading effect

upon performance than tumbling.
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D.I INTRODUCTION

The purpose of this portion of the study is to predict analytically the

critical convective and radiative heating loads for a 60 ° half-angle blunt

cone and a 0A.833 tension shell capsule configuration. The critical load-

ing conditions were established by failure mode entry trajectories result-

ing from the worst combinations of entry conditions and model atmospheres.

The critical entry mode was assumed to be a tumbling motion and was approx-

imated by a planar oscillation. As expected, the maximum heating rates

occurred on trajectories with the largest entry velocities, entry angles

and inverse scale heights. The largest time integrated heating occurred

on trajectories with the smallest entry angle and inverse scale height

and the largest entry velocities. The minimum angle-of-attack for steep
entries was 9° and the minimum angie-of-attack for shallow entries was 16 °

and, hence, angle-of-attack analyses were required for all calculations.

Because of the low density of the Martian atmosphere, the low Reynolds

number effects of viscous-inviscid coupling, and non-equilibrium chemistry

were included in the flow model. The importance of these physical phenom-

ena have been evaluated for the given flight conditions and simple flow

models have been found to be adequate. Radiation-gas-dynamic coupling is

negligible but self-absorption must be considered for the given flight
cases.

The first, and most basic assumption of the flow model is that it can be

based on a single thin shock forming the outer bound of predominantly

inviscid shock layer. In computing inviscid flow properties, the viscous

region is assumed to be so thin that it does not alter the inviscid flow.
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For the specified flight cases and vehicle dimensions, during the major

portion of the heat pulse, the thickness of the viscous layer is estimated

to be less than 15 percent of shock stand-off distance (Reference 4).

Corrections to inviscid-boundary layer analysis have been made to account

for the low Reynolds number effects.

Because of the uncertainty of the Martian atmosphere chemical constituents

and the possibility of radiative heat transfer from the shock layer, several

model atmospheres were studied in order to identify the most severe radiative

heating atmosphere. Large non-equilibrium chemistry regions were found to

exist in the shock layer. The non-equilibrium gas properties were described

by an extensive reaction rate system for C02-N2-A mixtures which satisfactor- !

ily reproduces presently available shock tube measurements of non-equilibrium

radiation. Five possible C02-N2-A mixture Martian atmospheres were considered.

One of these atmospheres was found to produce significant radiative heating

even at low entry velocities assumed in this study. The general characteris-

tics of this critical radiative heating atmosphere were that a large amount of

argon and a minimum amount of CO 2 was required to produce high temperatures

and a small amount of N 2 was required to produce CN which is the dominant

radiating molecule. The radiation heating produced by this model atmosphere

is somewhat reduced because of collision limiting and self-absorption effects

which reduce the possible CN violet and CO(4+) band radiation respectively.

Throughout this study, the radiative heating was assumed to come from the

critical radiative heating model atmosphere rather than the model atmosphere

used in the trajectory analysis. Thus, the radiative heating calculated with

this assumption provides a possible upper bound, which if found to be

significant, could be evaluated in terms of heat shield design require-

ments. The physical properties used in the non-equilibrium chemistry flow

model and the majority of analytical methods used in the flow field and

heat transfer calculations have been described elsewhere in the literature

and will only be referenced in this report. The significant results and

a discussion of special problems experiepced using these analysis are

included, however.

D.2 CONVECTIVE HEATING ANALYTICAL METHODS

The prediction of convective heat transfer for planetary entry requires

the consideration of the validity of the boundary layer concept, the un-

known ambient gas composition, and the possibility of large values of

angle-of-attack in addition to the usual knowledge of the viscous layer

state (laminar or •turbulent) and the edge or boundary conditions. The

following paragraphs briefly outline the analytical methods including the

above considerations which were utilized in this study.

a. Stagnation Point. The ambient densities encountered by a vehicle

entering from orbit are relatively low and result in regions of momentum,

energy, and species transport which extend through major portions of the
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stagnation region shock layer. Thus, the usual inviscid layer-boundary
layer model does not adequately represent the flow structure for purposes
of predicting heat transfer at the surface. Many experimental and theo-
retical studies have investigated the stagnation region flow structure
and heat transfer for rarefied flight regimes and have predicted varying
degrees of deviation from boundary layer results. The axisymmetric
stagnation point heat transfer has been determined for this study by
utilizing the numerical solutions reported in Reference 4. The flow and
gas models assumedin Reference 4 are relatively realistic comparedwith
Other studies and result in heat transfer predictions which comparewell
with experimental data. The results were non-dimensionalized with respect
to the corresponding boundary layer values and presented as a function of
the local Reynolds number in the shock layer and the density ratio across
the shock. Correlations of the heat transfer ratio which are used in a
Philco-Ford Planetary Entry Heat Transfer Computer Program were obtained
in Reference 23.

Stagnation-point boundary layer calculations utilize the correlation of
Fay and Kemp(Reference 24) in combination with a stagnation density
correlation obtained from Reference 25. Variation of the ambient gas
composition has been shownto significantly affect heat transfer and is
considered by including the molecular weight correlation derived by Scala
and Gilbert (Reference 26). The vehicle surface has been assumedto be
perfectly catalytic and, thus, the heat transfer will be insensitive to
the degree of non-equilibrium in the viscous layer. A detailed discussion
of the stagnation-point heat transfer methods and a description of the
computer program utilized in this study are given in Reference 27.

The determination of the stagnation point velocity gradient for the shapes
of interest is an important consideration. The real gas effects signifi-
cantly influence the characteristics of the flow field for the 60° half-
angle cone and the 0A.833 tension shell body shapes. The real gas one-
strip integral relations angle-of-attack solutions for both the sphere-
cone and tension shell configurations indicate that the afterbody does
not significantly affect the flow field in the region of the stagnation
point for moderate angles-of-attack (_ < 30o). At zero angle-of-attack,
the integral relation first approximation y = 1.17 blunt cone solution
obtained wasquestionable because the converged solution indicated the
shock layer sonic line extended all the way from the sphere cap shock
region to the body corner. The calculation was repeated with a recently
developed Philco-Ford finite difference transient computer program whose
accuracy has been verified by comparison with a number of exact inverse
solutions, higher order integral relation solutions and sphere and blunt
cone experiments. The conclusion is that for a 60° half-angle cone with
a very low y flow field, the first approximation integral relation analy-
sis considerable exaggerates the influence of the aft region of the body
on flow properties in the sphere cap region and thus, over-estimates the
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the shock detachment distance and the extent of the subsonic flow field.

The correct result is that at zero angle-of-attack, the real gas flow

field in the sphere-cap region of both the cone and the tension shell is

almost identical to spherical body results. Thus, the stagnation point

velocity gradient for zero and finite angle-of-attack for the I00 percent

CO 2 orbit entry trajectory conditions can adequately be approximated by
Newtonian theory. This conclusion is not too surprising because the real

gas specific heat ratio for this problem is close to unity (i.e., _=i.17).

b. Heat Transfer Distributions. The effect of rarefied flight

regimes on the ratio of local heat transfer to the stagnation-point value

has been investigated theoretically for blunt bodies in Reference 28. The

local non-dimensional heat transfer was shown to increase as the Reynolds

number decreases until reaching a free molecular limit. This deviation

from the usual laminar boundary layer theory assuming local similarity is

not significant, though, for the flight conditions of interest here. Thus,

boundary layer theory may be used for the non-dimensional heat transfer

distributions as long as the actual local dimensional value is determined

utilizing the stagnation-point heating for the appropriate flight regime.

The effects of composition variation on the non-dimensional laminar distri-

bution have been shown in Reference 29 to be negligible. Therefore, the

local similarity air solution presented by Lees (Reference 30) may be used

for the laminar calculation. The method was derived for axisymmetric flow

and requires knowledge of the local pressure and velocity at the boundary

layer edge. The pressure and velocity quantities can be obtained from

modified Newtonian theory (Reference 30) or detailed flow field calculations.

Because of low Reynolds number effects, the edge of the boundary layer

velocity distribution obtained inviscid analysis will bein error. The

inviscid pressure distribution, however, will not be significantly changed

by viscous effects. In the present calculations the inviscid body pro-

perties have been used in Lee's theory and the viscous correction is

obtained implicitly when the non-dimensionalized heat transfer distribu-

tion function is multiplied by the low Reynolds number stagnation point
heat transfer result.

The calculation of laminar heat transfer distributions for vehicles at

angle-of-attack has been accomplished by an analysis from Reference 31.

The method uses the axisymmetric results of Reference 30 except that the

local body radius is redefined in terms of the streamline divergence. The

asymmetric streamline divergence for a specific station is obtained with

the use of a Newtonian assumption. Comparison of results from this method

with experimental data for blunted cones indicates reasonable agreement

(Reference 32). However, further evaluation is required to verify the

validity of some of the assumptions inherent in the method.

Investigation of Reynolds numbers associated with entry trajectories of

interest indicates (excluding separation-reattachment considerations) that

boundary layer transition will not be an important factor in the prediction

of heat transfer.
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D.3 RADIATIVE HEATING ANALYTICAL METHODS

Radiative flux from the flow field surrounding a probe entering the Martian

atmosphere from orbit is often neglected due to the low velocity associated

with the entry mode. However, the low ambient densities which must be con-

sidered result in extensive non-equilibrium regions in the flow field. The

intensity overshoots in such regions may be resultant in significant radia-

tive transfer to the vehicle surface. Thus, an analysis was performed to

determine the importance of non-equilibrium radiation for the velocities

of importance in this study.

The Mars atmospheric composition is presently unknown and must therefore

be considered a variable. Equilibrium and non-equilibrium intensities

were determined for each of six CO2-N_-A composition models which were

selected by Philco-Ford and NASA Langley. Results indicated that the

only compositions which will result in significant radiation would be

those with a small percentage of C02, a relatively large percentage of

Argon, and some N 2 content. This particular combination resulted in high

temperatures within the shock layer due to the relatively small amount of

energy invested in dissociation. Also, presence of the CO 2_d N 2 resulted

in formation of the strong radiator CN. Consideration of the non-equilibrium

process behind the normal shock indicated a significant CN overshoot and

resulting high non-equilibrium emission. The "Design" composition model

which was found to produce a near maximum radiative transfer was 0.15 CO2-

0.30A-0.55N 2. Other compositions considered contained higher percentages

of CO 2 and resulted in low temperatures and insignificant radiative

emission. Appendix E presents the numerical results of the study of

composition variation. All further radiation calculations were performed

for the "design'" composition only.

The shock layers about the vehicles of interest are sufficiently thin at

hypersonic velocities to allow the use of an infinite slab model for the

transfer calculations. Thus, the transfer to a point on the vehicle sur-

face is assumed to be that from an infinite slab with a one-dimensional

intensity variation equal to that along a normal to the body at the point

of interest. The following paragraphs outline the procedure for deter-

mining the radiative intensity variation on stagnation streamlines and in

the flow field about the conical shape and the sphere cap region of the

tension shell. The tension shell radiation in the region of the afterbody

was not calculated because of the difficulty of obtaining the triple point

flow properties existing in this region.

a. Stagnation-Point. Theoretical and experimental investigations

of the non-equilibrium intensity variation behind a normal shock indicate

t_at often the intensity increases to an overshoot peak value before de-

creasing to approach the equilibrium value. The intensity immediately
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behind the shock (i.e., before population of emitting states becomes

significant) is negligible. The intensity variation model which has been

used in this study is a linear variation from zero value at the shock to

the peak value followed by a linear variation from the peak value to the

equilibrium value. The radiative flux to the stagnation-point can then be

expressed simply as a function of the non-equilibrium peak intensity ratio

(Ine/le) , the equilibrium intensity (le) , the shock detachment distance

(6s) , and the relaxation distances to the intensity peak (6p) and to the
approach to equilibrium (6ne)

The prediction of radiative transfer throughout a number of trajectories

was required for this study. Thus, the approach adapted has been to

determine the important equilibrium and non-equilibrium parameters for a

matrix of flight conditions to allow the representation of the parameters
by correlations.

The equilibrium intensity calculation utilized species concentrations and

thermodynamic properties which were obtained with a computerized Free

Energy minimization procedure. The hypersonic approximations for the

stagnation region pressure and enthalpy were used to relate the equilibrium

thermodynamic property results with flight conditions. The radiative mech-

anisms included the computerized determination of the spectrally dependent

radiative absorption and emission were vibration-rotation transitions,

molecular electronic transitions, and free-free interactions. The impor

tance of self-absorption was investigated by considering the spectral

dependent absorption coefficients of the important radiators.

In computing radiation, the collision frequencies and probabilities of

exciting all of the atomic and molecular states of the gas are assumed to

be so great that the excited states can be described by equilibrium Maxwell-

Boltzmann distribution functions and a single gas temperature can be

identified. In making this assumption it is necessary to demonstrate that

the major radiation mechanisms are not subject to collision limiting effects,

i.e., that the collisional rate of supplying the radiating states exceeds
radiative loss rate.

An evaluation of the collision limiting effect for Mars entry flow fields

has been made. For CO2-N 2 mixtures, the dominant sources of equilibrium

(and non equilibrium) radiation are the CN red and violet bands, the CO

fourth positive band, and the CO vibration-rotation bands. Information on

the radiation transition probabilities is available for these bands, but

no definitive results are available on even the mechanisms of collisional

excitation, much less the rate constants. A continuing investigation of

these mechanisms, and the rates required to fit the limited shock tube data

that is available, is being conducted at Philco- Ford. With the preliminary

results available from this study, the effects of collision limiting are
evaluated.

41



42

The ratio of the radiative loss term to the collisional production term

for these radiation processes at selected equilibrium conditions is given

in Table IV. These conditions are representative of peak heating during

typical flight trajectories.

It is concluded from the table that collision limiting is significant

primarily for the CN violet radiation; collisional processes are presently

known by which the CN red, CO fourth positive, and CO vibration-rotation

bands can be excited more rapidly than they are lost by radiation.

The non-equilibrium radiative intensity variation was obtained with the

knowledge of the populations of the important excited emitting states and

the local translational temperature at each point of interest. A computer-

ized solution of the chemical kinetics equations coupled with one-dimensional

inviscid conservation equations was used to calculate the non-equilibrium

chemistry properties.

The non-equilibrium population rate model used for this study assumed that

relatively low level energy states are in equilibrium with the ground state.

Thus, the excited state population is obtained with knowledge of the non-

equilibrium ground state population coupled with a Boltzmann correction.

The concept of a "limiting" state was used for high energy states in which

the "limiting" state population must be obtained by considering non-

equilibrium processes. All states whose energies are higher t_an the limiting

state are assumed to be in equilibrium with the limiting state.

A detailed investigation of the "design" composition emission for the flight

conditions of interest indicate that the CN red and violet and the C0(4+)

systems are the dominant contributors. The CN concentration was found to

overshoot behind a normal shock while the CO concentration monatonically

approached its equilibrium value. Thus, the intensity peak location was

determined with knowledge of the CN concentration peak location. The non-

equilibrium intensity non-dimensionalized by the equilibrium value was

ass_ned to be proportional to the ratio of the emitting state population to

its equilibrium value.

The non-equilibrium parameters for a normal shock were obtained for the

matrix of flight conditions and then correlated. The normal shock results

were transformed to stagnation streamlines for shock layers of interest by

using the transformation parameter defined in Reference 33. Assumptions

included in the transformation calculation were that the pressure is con-

stant in the shock layer and that the velocity varies in a linear fashion

from the shock to the region of the stagnation point.

The equilibrium and non-equilibrium intensity correlations which have been

obtained in this study do not include effects of collision limiting or

self-absorption. However, as indicated previously, the low amgient den-

sities being considered possibly result in significant CN violet collision
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limiting. Approximate calculations indicate that the CO (4+) radiation

contribution may be significantly self-absorbed. An estimate of the col-

lision limiting effect and the self-absorption effect on the total radia-

tion can be made by assuming the CN violet and CO (4+) radiation does not

occur. The resulting effect on the radiative transfer is illustrated in

the table below where the ratio of radiative transfer excluding the CN

violet and CO (4+) contributions to the radiative transfer with no colli-

sion limiting or self-absorption considerations.(qRC&A/qR) is indicated

for various flight conditions. The heat transfer values are for a stag-

6p/6 s = = 1.0.nation region shock layer with 0.5 and 6ne/6s

p_ (slugs/ft 3) V= (fps) qRc&A/qR

1.25 x 10 -6

1.25 x 10 -6 12,750 0.30

1.25 x 10 -6 14,000 0.21
-8 16,000 0.148

1.25 x i0 14,000 0.217

1.25 x 10 -4 14,000 0.208

The results indicate that the radiative transfer may be greatly reduced by

CN violet collision limiting and CO (4+) self-absorption. The reduction

is seen to increase with increasing velocity and is relatively insensitive

to density variation. Due to great uncertainties in the excitation rates

involved, no effort was made to include a quantitative correction for

collision limiting or self-absorption.

Another consideration which may cause a reduction in the calculated radia-

tive transfer is the extent of the region near the vehicle surface in which

conductive transport is important. When the effects of the cool wall

extend through major portions ofthe shock layer, the shock layer tempera-

ture and emission will be reduced. Since the intensity is extremely sensi-

tive to temperature for the flight regime of interest the radiation will

become insignificant very near the outer edge of the thermal layer. The

model utilized for the present study does not include this thermal layer

effect and is thus conservative. The coupling of non-equilibrium processes

with viscous, conductive, and diffusive transport which would be required

for a quantitative correction to the present calculations is beyond the

scope of the study.

A more complete discussion of the equilibrium and non-equilibrium methods

and numerical correlations is given in Reference 34. The intensity corre-

lations used in this study are presented in Appendix E. The stagnation

point radiative heat transfer calculations were made using the planetary

entry heat transfer computer program mentioned previously.
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b. Conical Vehicle Heat Transfer Distributions. The zero-angle-

of-attack shock shape and streamline locations for the 60 ° half-angle cone

were obtained with a one-strip method of integral relations sharp corner

solution. The freestream chemical composition was assumed to be 15 percent

C02, 55 percent N2, 30 percent A and the Y characterizing the shock den-

sity ratio is approximately 1.3. For this y, the shock sonic line was

located in the conical flow region and the linear property variation

implicit in the first approximation integral relation solution adequately

approximates the actual shock layer property variation, and hence, the

solution is accurate.

The determination of the radiative flux at a point on the body requires

knowledge of the intensity variation in a direction normal to the body at

the point of interest. This intensity variation must be obtained by

determining the non-equilibrium intensity variations along the known

streamlines. The normal shock non-equilibrium correlations were transform-

ed to the required streamlines by matching ambient composition and density

and the static enthalpy immediately behind the shock. Graphical tech-

niques were used to determine the intensity variation in the required

direction once the variations along the streamlines were obtained.

D.4 CONVECTIVE AND RADIATIVE HEATING RESULTS AND DISCUSSION

a. Special Effects. The regions of importance of rarefied gas

effects, chemical non-equilibrium, and radiative heat transfer have been

calculated for the range of flight variables associated with entry from

Martian orbit. The rarefied flight regime boundaries are defined as those

in which boundary layer analyses are not applicable and viscous shock

layer corrections are required. The correlations for stagnation point

heat transfer in rarefied regimes have been discussed previously and in-

corporate the low Reynolds number results given in Reference 4. The

extent of non-equilibrium chemistry is defined by the ratio of the stag-

nation region non-equilibrium zone width to the shock detachment distance

(6ne/6s). The ratio of radiative to convective heat transfer at the stag-

nation point is used to illustrate the relative importance of radiation

heat transfer. Radiative coupling was investigated and found to be un-

important. Self-absorption was found to be important only for CO (4+) band

radiation. Collision limiting was found to be important for CN violet band

radiation. These latter two special effects are discussed in the Radiation

Heating Analytical Methods Section. Although, CO (4+) self-absorption and

CN violet collision limiting were found to be an important consideration

in the radiative heat transfer calculation, because of the uncertainty of

the magnitudes of the effects, they were not included in the rad_ tion

calculations.

The special effects mentioned were calculated for a matrix of flight condi-

tions. The results for spheres of various radii are presented in Figures

65 and 66. The non-dimensional stagnation point convective heat transfer
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(q/qbl) shown in Figure 65, indicates that rarefied regime effects result

in significant deviation from boundary layer predictions. Increases of

40 percent over boundary layer values occur for flight conditions of inter-

est in this study. The expected trends for the viscous layer regime are

indicated; i.e., the rarefied regime effect increases with increasing flight
velocity and decreasing ambient density and nose-radius. The reversal of

the ambient density trend shown in Figure 65 indicates the incipient merged

layer and merged layer flight regimes.

The non-equilibrium zone width ratio (6ne/6s) shown in Figure 66 indicates
that extensive non-equilibrium exists for all nose radii considered. The

extent increases with decreasing ambient density, flight velocity, and
nose radius.

The ratio of radiative flux to the convective value at the stagnation-point

presented in Figure 67 shows that radiation is not significant for the

smallest nose radius considered (RN = 0.I ft) but is often dominant for the

largest radius (RN = i0.0 ft). Radiation becomes relatively more important
as the ambient density, velocity, and nose radius increase. As noted in

the previous paragraph, the radiation is primarily due to a non-equilibrium
contribution.

The overall importance of various effects for a specific vehicle and

trajectory can best be illustrated with a "map" of the regimes of interest

over which the trajectory may be superimposed. Boundaries indicating the
viscous and merged layer flight regimes and contours of constant values of

the radiative-convection and non-equilibrium zone width ratios are shown

on the maps presented in Figure 68a-c for spherical vehicles of radius

equal to 0.i, 1.0, and I0.0 ft respectively. Two typical trajectories

(M/CDA = 0.2 slugs/ft2; Ve = 15,000 fps, and y =-13 ° and -20 °) represent-

ing entry from orbit have also been included in the figures.

The map for the nose radius of i ft is appropriate for the present study

and indicates that rarefied regime corrections, chemical non-equilibrium

and radiative transfer must all be considered.

b. Heat Transfer Distributions. One of the objectives of this study

was to determine the rad_tive and convective heat transfer distributions

for the range of vehicle angle-of-attack found to be important from 6 degree

of freedom trajectory studies. The trajectory results however, indicate

higher values of angle-of-attack during period of significant heat trans-

fer than originally expected. For example, the angle-of-attack envelope

histories shown in Figure 69 indicate that values of angle-of-attack as

great as 70 ° should be considered in a heat transfer analysis. In con-

trast, the analytical methods to be used are limited to angles-of-attack

of i0° - 15° for the radiative transfer and 20 ° - 30 ° for the convective

transfer. The limitation on the rad_tive transfer calculation results

from the simplifying assumptions made in the integral relations analysis
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of the angle-of-attack flow field and the convective transfer calculation
limitation is determined by the failure of an axisymmetric stagnation-point
flow model. The results which have been determined for this study include
convective heat transfer distributions for angles-of-attack up to 30° and
a radiative flux distribution for the conical vehicle at zero angle-of-
attack. Angle-of-attack flow field solutions were only madeat the peak
dynamic pressure trajectory point and were not made for the radiation
model ambient gas composition. The zero angle-of-attack radiative distri-
bution, however, is sufficient to indicate the relative importance of
radiative transfer to the design of vehicles for entry from a Martian
orbit.

c. Convective Heat Transfer. Laminar heat transfer distributions

resulting from several assumed flow models are shown for a 60 ° blunted

cone at 9° angle-of-attack in Figure 70. The models considered are:

(i) A pressure and velocity corresponding to the

modified Newtonian and normal shock entropy

assumptions and the DeJarnette streamline

divergence model.

(2) Flow properties corresponding to a one strip

integral relations solution and the DeJarnette

streamline divergence model, and

(3) An axisymmetric flow model with pressure and

velocity corresponding to the modified Newtonian

and normal shock entropy assumptions.

The axisymmetric flow model is a relatively common approach which assumes

that the flow about a blunted cone of half angle 0c at an angle-of-attack

is identical to the axisymmetric flow about a cone of half angle 8c + _.

The comparison shown in Figure 70 indicates that the heat transfer result-

ing from the integral relations flow field solution falls vary rapidly

near the stagnation point. This result is consistent with the conclusion

given in Reference 35 that the one strip approximation of the integral

relations method tends to overestimate the rate of change of body velocity

in the stagnation region. When the Newtonian and normal shock entropy

assumptions are used, the heat transfer resulting from the DeJarnette

streamline divergence model is slightly higher than that from the axisym-

metric flow model. This latter difference will vary as a function of

vehicle shape and angle-of-attack. For example, Figure 71 indicates heat

transfer distributions utilizing both streamline divergence models for an

angle-of-attack of 20° . The axisymmetric assumption is shown to give

results which are approximately 50 percent lower than those utilizing the

more realistic streamline divergence assumption.
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The variation of convective heat transfer at various locations for the

conical vehicle is shown as a function of angle-of-attack in Figure 72.

The flight conditions assumed for the calculation correspond to those at

peak heat transfer during a shallow trajectory. The heat transfer at

points on the conical afterbody is shown to be relatively insensitive to

the angle-of-attack variation. This is due to the large cone angle of the

vehicle being considered resulting in heat transfer which is nearly equal

to that for a cylinder shape. High angles of attack (_ > 30 °) will, of

course, result in severe localized heating at the cone corner.

Convective heat transfer results for the tension shell shape are shown in

Figures 73 and 74. The laminar convective heat transfer distribution for

the 0A.833 tension shell (RN/R B = 0.3) at zero angle-of-attack is shown

in Figure 73. The solution was obtained by the method Lees (Reference 30)

and a modified Newtonian pressure distribution and normal shock entropy

were assumed. It should be noted that the distribution obtained is only

approximate because the actual boundary layer edge has a variable entropy

and this produces higher edge velocities and somewhat higher heat transfer

rates. In addition, there are large regions of positive pressure gradients

in the flare region which may produce flow separation and thus invalidate

the Lees' analytical model. The tension shell laminar heat transfer as a

function of angle-of-attack is shown in Figure 74. Again, heat transfer

points on the afterbody is relatively insensitive to angle-of-attack var-

iation as long as separated regions are not present.

d. Conical Vehicle Radiative Heat Transfer. The shock shape and

streamline locations for the conical vehicle at zero angle-of-attack as

obtained from a first approximation integral relation real gas solution

are shown in Figure 75. The flight conditions considered are approximately

those for peak heat transfer and the ambient composition assumed corres-

ponds to the radiative "design" composition mentioned earlier. As pre-

viously mentioned, this flow field solution is accurate because the linear

property variation assumption is approximately correct for the worst radi-

ation atmosphere real gas solution. The shock shape is seen to be more

curved than might be expected and this is because of the extensive subsonic

flow region associated with this gas composition and conical vehicle. For

the same reason, the streamlines exhibit more curvature than would exist

for a primarily supersonic flow field.

To simplify the radiation heat transfer calculation, the following reason-

able assumptions have been utilized to obtain radiative transfer values

from the integral relations flow field solution mentioned above:

(i) The pressure and velocity do not vary greatly

throughout the conical portion of the flow

field.
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(2) The shock shape and streamline locations do
not vary significantly with varying flight
conditions (within the range of flight condi-
tions of importance for radiation calculations).

(3) The values of pressure ratio (P/Ps) and velocity
ratio (V/V_) in the conical region remain constant
with variation of the flight conditions, and

(4) The flow field results scale directly with vehicle
size.

As mentioned previously, the normal shock non-equilibrium results can be
transformed to allow the determination of radiative flux to the vehicle
afterbody. Typical non-equilibrium results for flight conditions which
correspond to those assumedfor the integral relations flow field solu-
tion are shownin Figure 76 a and b. Variations of species concentrations
and thermodynamicproperties as functions of distance behind a normal shock
are shownfor the portion of the relaxation region of importance in the
determination of the non-equilibrium correlation parameters.

A radiative flux distribution was calculated for the large conical vehicle
at flight conditions corresponding to those at the peak stagnation point
heat transfer during the steep (_ = -20° ) trajectory. The radiative inten-
sity variations across the shock layer which were required to obtain flux
values are shownin Figure 77. The symbols indicate the calculated points
and the solid lines represent the variations normal to the surface. The
variation of the intensity profile "shapes" at the various vehicle loca-
tions can be explained by considering the values of shock angle, stream-
line length, and intensity relaxation distance appropriate to a specific
point in the flow field.

The shock angle is a critical parameter in determining the intensity level
due to the extreme sensitivity of intensity to temperature variation for the
flight conditions of interest for entry from orbit (i.e., le_T20). This
sensitivity as a function of shock angle is illustrated in Figure 78. An
order of magnitude decrease in intensity is seen to result from a shock
angle decrease of _30 ° • The streamline length and characteristic relax-
ation distances are also important parameters due to the large non-equilib-
rium intensity overshoots. For example, consider location A (x = 1.23 ft)
on the conical afterbody. The intensity near the body is high because the
appropriate streamlines originate at a relatively strong portion of the
shock and the peak of the non-equilibrium intensity variation along these
streamlines lies near the station of interest. The intensity decreases
steadily as a function of the perpendicular distance from the body due to
streamline lengths which are less than the peak intensity relaxation dis-
tance. Locations aft of location A (i.e., x = 1.98 ft and 2.73 ft) result
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in lower intensities near the surface as the appropriate streamline lengths

become significantly greater than the peak intensity relaxation distance.

The intensity variation across a major portion of the shock layer is rela-

tively small for aft stations due to compensating effects of shock angle

variation and streamline length variation.

A comparison of intensity variations across the conical vehicle shock layer

for flight conditions corresponding to times of peak total and peak radia-

tive stagnation-point heat transfer for both the steep and shallow trajec-

tories is shown in Figure 79. The vehicle station considered is x = 1.98 ft.

As expected, the intensity levels are higher for the steep entry due to the

peak rates occurring at higher densities. The large difference in intensity

levels between the steep and shallow trajectories is due to the large change

in the intensity peak relaxation distance. That is, the intensity peaks

lie near the station of interest for the steep trajectory case while they

lie much farther back in the flow field for the lower densities associated

with the shallow trajectory. The values of radiative flux corresponding

to the intensity variations shown in Figure 79 are as follows:

p_ (slug/ft 3) V_ (fps) qr (BTU/ft2-sec)

-8

4.0 x i0 14,800 3.4 ¥e = -13,_peak q
= R

8.0 x 10-8 14,220 2.6 Ye -13,_peak qs

2.7 x 10 -7 14,900 31.6 7e = -20,_,peak q
R

4.0 x 10 -7 14,600 23.4 7e = -20,_,peak qs

x= 1.98 ft

The radiative flux distribution which is obtained from the intensity

variation results is shown in Figure 80. The flux to the vehicle surface

is shown to be a maximum at the vehicle station of x = 1.6 ft for the

flight conditions considered. The corresponding convective heat transfer

distribution is also shown in Figure 80. Comparison of the radiative and

convective contributions at all vehicle locations indicates comparable
magnitudes for each of the heat transfer modes.

D.5 HEAT TRANSFER HISTORIES

Convective and radiative axisymmetric stagnation-point heat transfer his-

tories were generated for the six degree of freedom trajectories obtained.

The blunt cone results for the shallow and steep trajectories are presented

in Figures 81 and 82 respectively and the tension shell results are shown

in Figures 83 and 84. Each figure includes results for both 5.0 ft and

7.5 ft base radius vehilces. As expected,the convective heat transfer

decreases with increasing vehicle size while the radiative contribution
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increases. The time integrated heat transfer values are shownon each
figure and indicate that the radiative contribution ranges from 5 percent
to 20 percent of the total stagnation-point heat transfer for the blunt
cone and from 5 percent to 25 percent of the total for the tension shell.

Heat transfer for the stagnation-point and an after body location on the
blunt conical vehicle has been determined for a zero angle-of-attack three
degree of freedom trajectory i_Ye = -13°). The intensity variation across
the shock layer corresponding to the afterbody radiative transfer is shown
in Figure 85 as a function of time. The profiles are shownto becomemore
level at times after the peak radiative transfer as the intensity relaxa-
tion distance becomessmaller. The radiative and convective fluxes are
shownin Figure 86. The peak afterbody radiative flux is shownto be
larger than the peak stagnation-point radiative value and smaller than the
corresponding convective afterbody heat transfer. The stagnation-point
radiative flux becomessignificant earlier during the entry than the
afterbody value because the intensity on the stagnation streamline is
forced to the equilibrium value at the body while the flow around the
vehicle is nearly frozen.

D. 6 CONCLUDINGREMARKS

An analytical investigation of zero and finite angle-of-attack flow field
convective and radiative heating for the 60° half-angle cone and the OA.833
tension shell has been made. The flow fields and pressure distributions
were calculated by a first approximation integral relations real gas angle-
of-attack computer program and by Newtonian theory. Both zero and finite
angle-of-attack laminar convective heating calculations were made. It was
found that real gas and low Reynolds number effects are important for
Martian entries and must be included in the flow field and heating analyses.
Significant regions of non-equilibrium chemistry were found in the shock
layer and a worst radiation atmosphere was determined and used to bound the
magnitude of the radiative heating associated with orbit entries.

During the study, the analytical methods used have been evaluated and the
limitations of the methods and the important results obtained in the study
are surmnarizedin the following paragraphs.

(1) Low Reynolds number effects significantly increased

the convective heat transfer above that given by

classical boundary layer theory. At the higher

entry altitudes where convective heating becomes

significant, the low Reynolds number effects pro-

duced a 40 percent increase in stagnation point

convective heat transfer. At peak convective heat

transfer conditions, the increase was approximately

i0 percent. The presence of significant amounts of

CO 2 in the freestream increased the heat transfer
rate approximately i0 percent above that obtained for air.
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(2)

(3)

The laminar convective heat transfer distribution

along the body was assumed to be independent of low

Reynolds number effects and was calculated by a local

similarity analysis. This assumption is valid in the

region of the sphere cap but may be in error in the

afterbody region where large entropy gradients normal

to the body surface exist in the inviscid flow. The

effect of these entropy gradients in low Reynolds number

flows is to increase the local convective heat transfer

rates. In order to determine the magnitude of these

effects, a higher order integral relation, inverse or

transient finite difference inviscid flow field cal-

culation should be made.

The orbit entry radiative heating, which was based on

hypothetical worst radiation atmosphere, was found to

be smaller than convective heating, but not negligible.

The dominant sources of equilibrium and non-equilibrium

radiation were the CN red and violet bands, the CO

fourth pos±tive band and the CO vibration-rotation

bands. If the effects of CO (4+) self-absorption and

CN violet collision limiting are included in the radia-

tion heat transfer calculation, however, it is expected

that the radiation results calculated could be reduced

as much ad 80 percent. Thus, for orbit entries, it is

probably valid to incorporate the effect of radiative

heating on the heat shield design as a small factor of

safety in heat shield weight as determined from convec-

tive heating results.
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APPENDIX E

RADIATIVE HEAT TRANSFER CORRELATIONS

BY RICHARD M. FOSTER, RICHARD TATE AND STANLEY BYRON
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The equilibrium and non-equilibrium parameters which are required for the

determination of the radiative transfer in the stagnation region are

illustrated in Figure 87. The correlations of these parameters in terms

of flight conditions are briefly described herein. Also included is a

discussion of the important emission mechanisms and the effects of varia-

tion of the ambient composition and the dissociation energy of the CN

molecule. A detailed discussion of the methods and assumptions utilized

for the correlations and resulting heat transfer is presented in Reference 34.

E.I AMBIENT COMPOSITION VARIATION

The unknown composition of the Martian atmosphere is a major variable in

the prediction of entry radiative heat transfer. A number of composition

models consisting of varying percentages of COp, N2, and A were investigat-
" " " " " " hed to estimate the deslgn composltlon wh_c esults in maximum radiative

intensity for given flight conditions. Equilibrium stagnation region

thermodynamic properties and radiative intensities were obtained utilizing

the constant flight conditions of V_ = 12,750 fps and p_ = 1.25 x 10-6 slugY

ft3. The results, including definition of the major radiators, are shown in

Table V.

The trend of stagnation temperature versus composition variation shown in

Table Va is that expected by considering the number of internal degrees of

freedom available. For example, the maximum temperature of 4700°K is found

for the m_xture with a small percentage of CO 2 (15 percent) and a large

percentage of A (30 percent). The variation of temperature is a primary

factor in determining the dominant radiative mechanisms. The only compo-

sition with a sufficiently high temperature to result in important
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mechanisms (i.e., CN Red and Violet) other than molecular vibration-rotation

is the 0.15 CO - 0.55 N 2 -0 30 A mixture. The maximum intensity also2
resulted from this mixture. The radiative intensities from the other mix-

tures resulted primarily from the CO vibration-rotation system. Thus, the

intensity from the mixture with the highest CO 2 content (0.70 CO 2 -0.20 N 2
-0.I0 A) was the second highest value for the mixtures considered.

The normal shock non-equilibrium relaxation was determined for the two

mixtures mentioned above which resulted in the highest intensities. The

CN population was found to significantly overshoot while the CO population

did not, indicating that the highest total (equilibrium plus non-equilibrium)

radiative transfer would result from the 0.15 CO 2 -0.55 N 2 -0.30 A mixture.

E.2 CN DISSOCIATION ENERGY VARIATION

o
The values of the CN dissociation energy (D CN) used for the composition

variation indicated in Table V(a) was 7.5 ev which represents a standard

value used in the past. The exact value of this important parameter is

not known; therefore, any theoretical prediction of equilibrium and non-

equilibrium radiative intensities must be compared with experimental data

to allow proper selection of the value of D°CN (among other parameters) to

be used. Recent studies (e.g., Reference 36) have indicated that 8.2 ev

may be a more representative value to use for equilibrium calculations.

Also, it is shown in Reference 37 that 8.2 ev, is an appropriate value for

non-equilibrium flows. Therefore, the "new" value of 8.2 ev was used in

all calculations following those given in Table V(a). The effect of the

D°CN variation on the equilibrium intensity is shown in Table V(b). The

total intensity is seen to increase by more than a factor of two when

D°CN = 8.2 ev. Also, the dominant contributors change from CO vibration-

rotation and C0(4+) for D°CN = 7.5 ev to CN Red and CN Violet for D°CN =
8.2 ev. The non-equilibrium normal shock relaxation was determined for

the two cases noted in Table V(b) and indicated an increase by a factor

of three in the CN ground state population peak for DoCN = 8.2 ev over

that for the lower value. The relaxation distance to the CN population

peak did not change significantly with the D°CN variation.

E.3 VARIATION OF FLIGHT CONDITIONS

a. Equilibrium Results. Radiative intensities were determined for

a matrix of cases representing a flight velocity range of 12,750 < V_ <

16,900 fps and an ambient density variation of 1.25 x 10 -8 < P_ <-1.25-x

i0 -_ slug/ft 3. Shown in Table VI are the total intensities-and _ajor

radiators for the cases considered. It can be seen that the intensity in

all cases can be considered to be composed of only the CO molecular

vibration-rotation and CN Red, CN Violet, and CO (4+) electronic band

systems. The percentage contributions are noted to indicate changes in

relative importance of the various mechanisms with flight parameter
variations.
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The equilibrium intensity is plotted versus flight velocity and density

on log scales (Figures 88 and 89) to obtain correlations. Note that the

ambient density variation shwon in Figure 89 is much more amenable to

correlation than the stagnation density variation shown. The correlation

resulting from the curves is given by the following expression:

P I. 28 BTU

le = 926.3 (_--r) _ 1.89 ft3-sec (El)

where Or = 2.5 x 10 -3 slugs/ft 3 and V_ = V_/104., The above expression

is accurate over the following ranges of flight conditions:

10 -8 < p_ < 10-4 slugs/ft 3

1.25 < _ < 1.5 kfps

Often, intensity calculations are required for an equilibrium flow field

away from a stagnation point where a flight parameter correlation may not

be applicable. A correlation utilizing local thermodynamic properties is

useful in this situation. The following expression represents the

equilibrium intensity as a function of local density and temperature.

le = (3.97 x 108 ) (___)0.6 (i_)20.0, BTU (E2)r ft3sec

where @r is the same reference density defined above. Note that the

intensity is extremely sensitive to temperature variation.

b. Non-Equilibrium Results. The normal shock non-equilibrium

relaxation was determined for each of the cases in the matrix considered

for the equilibrium calculations. The variation of the Ine/le ratio for

the various band systems (evaluated at the location of the peak CN popu-

lation) with variations of the ambient conditions is indicated in Table VII).

The total Ine/le ratio is also given and is seen to increase with increasing
velocity and decreasing density. All individual Ine/l e ratios also follow

this same trend. The plots of the total Ine/l e ratio versus velocity and

density which are shown in Figures 90 and 91 result in the following

correlation.

I p -0.3133 8.53

ine - (4.548 x 10 -2 ) (--_--) _ (E3)
e r
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I
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The non-equilibrium relaxation distances are determined with the use of a

transformation parameter defined by

= _ (p/V) dl
(v4)

The value of the X parameter for the peak non-equilibrium intensity (Xp)
is shown as a function of flight velocity in Figure 92. The paramete_

was found to be invariant with the ambient density variation indicating

that the usual binary scaling assumption for non-equilibrium dissociative

relaxation is valid. The correlation which was obtained is:

_p (1.06 x 10 -5 ) V -4.21 atm-sec (E5)

The approach to equilibrium was not sufficiently completed for many cases

considered to allow a detailed correlation. However, the value of _ for

the approach to equilibrium (-_(ne)can be approximated for the purpose of

flight condition correlation with the following expression:

_e = (1.88 x 10 -4 ) _-4.21, atm-sec (E6)
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TABLEI

VEHICLECHARACTERISTICS

Weight, ib

Base diameter, ft

CG, inches aft of nose

I , slug-ft 2
X

Iy, slug-ft 2

Ballistic coefficient,

m/CDA , slug-ft 2

BLUNTED CONE

758.0

I0.0

18.8

281.0

186.0

0. 200

TENSION SHELL

783.0

i0.0

18.8

281.0

186.0

.0.182
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TABLE II

CONDITIONS AT PEAK DYNAMIC PRESSURE

Pitch Rate, rad/sec

Entry Angle-of-Attack

In Mars Atmosphere VM-7 From

-13 ° Entry Flight Path An_le

Peak qd psf
h, k ft

V, ft/sec

degrees
e

In Mars Atmosphere VM-8 From

-20 ° Entry Fli_ht Path An_le

Peak qd, psf

h, k ft

V, ft/sec

_e, degrees

p_, psi

T_, OK

P_ slugs/ft 3

M=

Mole fraction, X

St____aagnationPoint Conditions

P,

T,

XCO

Xco 2
X 0

xo2

psi
oK

60 ° BLUNT CONE TENSION SHELL

Tumbling Nominal Tumbling

Entry Entry Entry

0.i 0 0.I

+90 ° 0° +90 °

21.3 20.4

182 183

9,510 9,350
I 0

141

65

9,540

0

143

65

9,620
9

0. 00437

i00

3.09x10- 6

18.7

1.3

i.0 CO 2

1.915

2457

0.19

0.71

0.089

0.0095

19.9

186

9,600
21

132

66

9,550
12

0. 00406

i00

2.89xi0-6

18.6

1.3

1.0 CO 2

1.83

2445

0.185

0.72

0.088

0.0092

Nominal

Entry

0

0°

18.8

187

9,330
0

129

66

9,270
0
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TABLEIII

OA.833 TENSION

M = i0;

SHELLAERODYNAMICDATA
J

RD = 0.53 x 106

Angle of CN CA CAttack in

.0° .000 1.70 -.000

3.5 ° .010 1.71 -.004

6.7 ° .017 1.70 -.006

I0.I ° .028 1.68 -.012

15 .i° .054 1.59 -.031

19.8 ° .083 1.47 -.056
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TABLE VI

EQUILIBRIUM RADIATIVE INTENSITIES FOR VARIATION OF FLIGHT CONDITIONS

COMPOSITION: 0.15 CO 2 -0.55 N 2 -0.30 A; D°CN = 8.2 ev

VELOCITY VARIATION: p= = 1.25 x 10-6 slug/ft 3

Major Contributors

CO V-R CN Red CN Violet CO (4 +)

V (fps) (li/It) e (li/It) e (li/It) e (li/It)e

Total

let

(BTU/ft 3 sec)

12,750 0.16 0.41 0.28 0.14 5.47

14,000 0.04 0.44 0.39 0.ii 39.2

16,000 0 0.38 0.50 0.i0 199.0

DENSITY VARIATION: V = 14,000 fps

Major Contributors

'OD

P CO V-R CN Red CN Violet CO (4 +) Total
oo

(slug/ft3) (li/It)e (li/It)e (li/It)e (li/It)e (BTU/ft sec)

1.25 x 10 -8 0.08 0.64 0.26 0.02

1.25 x 10 -6 0.04 0.44 0.39 0.Ii

1.25 x 10 -4 0.01 0.21 0.35 0.33

0. 102

39.2

134. x 102
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TABLEVll

NON-EQUILIBRIUMPEAKRADIATIVEINTENSITIES
FORVARIATIONOFFLIGHTCONDITIONS

COMPOSITION:0.15 CO2 -0.55 N2 -0.30 A; D°CN= 8.2 ev

VELOCITYVARIATION: p = 1.25 x 10-6 slug/ft 3

CO V-R CN Red CN Violet CO (4 +)

V (fps) (ine/le) i (Ine/le) i (I /le) i (I /le)ne ne i

12,750 0.62 2.8 9.1 0.9

14,000 0.75 4.1 16.4 3.3

16,000 0 7.5 31.3 7.6

Total

I /Ie )ne

3.9

8.7

18.9

DENSITY VARIATION: V = 14,000 fps

P CO V-R CN Red

(slug/ft 3) (Ine/le)i (Ine/le) i

CN Violet

(Ine/le) i

co (4 +)

(Ine/le) i

Total

Ine/le) i

1.25 x 10 -8 0.75 12.9 ii0.0 64.6 39.4

1.25 x 10 -6 0.75 4.1 16.4 3.3 8.7

1.25 x 10 -.4 0 2.2 4.7 0.3 2.2
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